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DYNAMICS OF THE PIANOFORTE STRING 
AND THE HAMMER 

PART VI (displacement AFTER IMPACT) 

By MOHINIMOHAN GHOSH 
Burdwan Raj College, Bengal 

{Received for publication, June 20, ig^o) 

ABSTRACT. The expression for the displacement of any point of a finite string excited 
by impact of a hammer, hard and elastic, is deduced from the general theory developed previous- 
ly. An easy method for numerical computation is also given. The theoretical and the experi- 
mental values of the di.splacement, at different times, are compared graphically for typical cases 
when a string of 600 ctns. length is struck and (ihserved at distances, 120 cms., 2g() cms. and 300 
cms. from one of the fixed end.s. The theoretical and the experimental values of the funda- 
mental are also compared. The agreement in each case between the theory and the experiment 
is found excellent. 


T N T R O D U C' T T 0 N 

In Part III the dyiiainics of struck string ’ of finile Jevglb lias been 
worked out for hard and elastic hammer. The displacement at any point of the 
string during impact has also Ijecn worked out. In the above paper, the theoreti- 
cal time-displacement curve of a given point on the shorter segment has been 
drawn for different cases. Tjjey are compared with those obtained experimentally. 
The agreement is found to be exact as the form and number of kinks are, as found 
from experiment. 

In this paper we derive the corresponding expressions for the displacement 
after impact. The variations with time are compared graphically with those 
obtained experimentally. 

The symbols used here are same as u.sed before. ’ 

During impact the hammer presses against the string at the struck-point. 
As soon as the hammer leaves the string just after contact, i c., at / = $, the string 
straightens out. As so, a new disturbance originates at the struck-point and 
moves in both the directions. Let the disturbance originating at x=a be denoted 

by F(<). It moves as ~ ^ and F^t ~ f ') *” oPPosite directions. Those dis- 
turbances that were developed during impact will also continue to travel along 
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the string. Thus the displacements at different points during impact are 
y«='/lW + S[/nti— /«]{(<-ntfl) + (/ — W^g)} +2[/8’ — 2/8 +/i](< — ®) 

+ 5[(n+2)./„ + 3 — (3n + 4 ). /n + 3 + ( 3 n + 2 ). /n + i —«/«]{{< — + « — 0 — 

+ a[3/5-9/4 + io/3-5/2+/i]«-2©) ; ... (52) 

y 1 - /l « + ""*) + kn.l{t+~^-neO- iuit - - «02) +hfn.l-fn](t + " n^g) 

C 1 C 1 (' 1 c 

+ [/a-/i]{«+-’-e)-(,--ii-0)} + 2 [/ 3 - 2 / 2 +/,](t+^'-e) 
c c c 

c c 

+ 5 [{n + 2)./nt ,i — (3H -l-4)./„ .2 I- {3H I- 2)./« , 1 — + — n#i) 

1 c 

+ (i+ -'j-O-n^a)} 

c 

n 

+ 2[(n + 2)/«f3 - (an + 3)-/n >3 + (« + i)/»f 1] 

-W-«+ 7^,)}- 

C ( 

1- <■ 

+ C3/4 - 6/3 + 4/2 - /l ] {« + - 20) - (£ - - 20) } 

c c 


+ 2 [3/5 -9/4 + 10/3 - 5/2 + /i ] (t + - 20) ; 

C 

... (64.1) 

3's=Read— :ci for +a;i, for 0 ^, and 0 ^ for 9 i, in eq. (64.1). 

At any time < > $ 

... {64.2) 

y«=F(<)+ya in eq. {52), 

••• (97) 

y, = F(/ + f.‘) +3-1 (64.1). 

... (98) 

ys = F(t-^) +3,2 (64.2), 

V 

... {99) 
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subject to the condition that y a and 



are continuous at 




If the 


above conditions are not sativsfied, there will be discontinuous change in the 
displacement, which is not the case. Now, the above conditions will help us to 


evaluate F( 0 , F(i+ and F{t ~ The first condition gives 
c c 

F(^>) = o ... (loo) 

and the second condition gives, at 



with the help of eqs. (98) and (99). 
Hq. (loi) gives 


+ fi]«-0) + [a/'s + + 

+ 2[(m + 2)/'«t 3"(3» + 4)/'«*2+ ( 3 W + 2)/'b + i -«/'«]•{(< — G — 
1 


-h (f — B — n^a)} + + 2)/« ♦ 3 (2w 4- 3)/n ♦ 2 


+ (n 4 - — 0 — n + 1^2)} 

1 

4 - 2 [ 3 /\- 6 /' 34 . 4 /' 2 -/'i](/- 2 e; 

4 * [6/'5-l8/'4 4-20f3--I0/'2 4-2/'i ... (102) 

On integration, 

C-F(t)=/i(t) 4 -|/nn{U-«^l)-^‘(f-W^ 2 )} 4 - 2 [/ 3 ~/ 2 ]U~ 0 ) 

■f" [2/a “”3/3 "^/i] 0 — 4- @ 

4 ‘S[(n 4 - 2 )fn + [i — (3tl4-4)/n ♦ 2 (3W ■*" 2)/« + i ~ 0 ) 

1 

4- U - 0 - 11 ^ 2 )} + [(w + 2)/n + 3 “ (aw 4- 3)/« + 2 + (w 4- l)/t,^. i ] 

{(f — O — « 4- 10|) 4 0 ~ n 4* 1 ^ 2 )} 

1 

+ 2 [ 3 /ft ""6/44-4/3— /2](f““ 20). 


••• (103) 
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As F(^) = o, so, 

c= / , + 2 /,. . , { M> - + («> - } + 2 [/s - M’ - B) 

+ [2/3 - 3/-. + M { (<1- ) ^ M- - - 0^) > 

+ ii| (n + 2 )/„ , 3 — ( 3 H 4 4)/„^s f 2 )/», . 1 — >l/nl-{(5’ — <-> — «^l) 

1 

4 (< 1 ‘ — H — + [I'm 1 a^fi + a — '2»/ -t- , 5 i/n 4 2 4 (« 4 - i)/„+ I J 

{ (<I> - H - “1 , ) 4 (‘T* - (-) - w + I ^2)) 

t 2 [ , 2 - . 1 J ! (<l - - ) + (■!• - <-> - ) [ 

1 

+ 2[3/r,-6/4+4/3-/aJ('T’-2W), ... (104) 

where C is the constant of integration. Thus Fl7) is known. 

The eqs. (97), (98) and (99), with the help of e(is. {103) and (104), become 

3.. = C- !/„{«-«<?, )4-(/-«^2)} + 2r/2-/i]«-f->)+ l2/3-3/2 + /i]{«-^-'’.) 

+ (f- 0 -^ 3 )} 


L 


4-21(h + 2)/„.3-(2»4 3)/«' 2 + (« + !)/’. I ]{(/“<->-« 4- 1 f>,) 

1 


4-2[/«,2-/«4 ,]{((-0-H^'i) + (/-0-H^2)} 


+ 2 [ 3 yi -6/3 44 /. 2 -/)](/- 26 ) 


4- (i-B-w + 1 ^ 2 )} 


... (105) 






+ r2/3-3/»+/iHa--‘-«-<>i)4 (t+^i-0-<92)} 


4 ^[(m4-2)/„-i 3~(2W •t3)/„^24' (w + l)/n( iJ 
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1C c 

+ [3/4-6/3+4/2 -/iJ {U + -^‘-2B) + u- 'j-2e)}]. ... (105.1) 

c c 

The expression for y and >’2 found to be idcniicdly as they should be 
after impact- They depend only upon the position of the observed point a:. 

As the disturbances F{t±'^^) originate at ( = it is evident that the dis- 

c 

tance traversed by the disturbances at any instant /, measured from the beginning 
of impact on cither side of the point x = /.r., a'i — o, is r (/’- <l^), so beyond 
this distance eqs. (64) will hold good. As soon as the impact terminates, any 
disturbance of the lyije ceases to l)c generated, and as these pulses 

which are generated during imi)act move away from the slruck-point a:=a, they 
are followed by a constant displacement C. It is then obvious that, for all 
values of £>d>, =/„ 4 1 as will only appear at any 

point at time i, obtained by equating the corresponding argument (t ~0 = o. In 
order to know the functions existing after impact, we arc to retain only those, 
for which (d.>“^)>o. These disturbances are successively reflected from the 
two ends of the string. 

In order to draw time-displacement diagram for any point of the string 
after impact, we prepare a table of all functions brought into existence during the 
impact and their successive reflections as shown below. 

c c 

c c 

+ /,(/ + "^'>- 0 ), : 

C C 

-/lU- -‘-0-^1). i -fAt+'^-e-e,), 

C C 

C C 



c 
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c 

c 

C 

-/2«+-‘-30). 

c 

c 

+/2{i---20-<?aK 

C 

/■>(/ i 

c 

hU-'-Ouh 

c 

c 

c 

c 

+ /2«--'-0-^2) 

c 

-/a (<-''^-‘- 20 ), : 

c 

-/2O-t-'-0-3^2\ 

c 

4 - — 2fe> — : 

6 

+/»a--'-20-(9,). 
c « 


Similarly for /g, /4, etc. 

In this way the table up to the last disturbance generated during impact can 
be built up. 

In order tu calculate the displacement at any instant the values of the 
arguinenls of each of the above functions representing disturbances, are to be 
examined. If then is replaced by If, however, t-l<othc 

corresponding functions are rejected. The method will hold good to all cases 
including hard as well as elastic hammer and also for any ‘ mass-ratio'. Hence 
the method is perfectly general. 

Some numerical examples will make it clear. The datas are supplied by 
M. Ghosh. ^ For ?=6oo cms. p = o’o5 gm./cm., 7n = 2i’2i gms., T=38kgm. wts., 
120 cms., the observed value of is 645 cms. The corresponding calculated 
value^ {vide fig. 2, part IV) is found 625 cms. From the above values of it is 
found that as 6 a ( = 720 cm.) is less than zb (=920 cms.), no distur- 

bance after being reflected from the remoter end overtakes the hammer before it 
leaves the string. Hence just at the end of impact (the hammer being still in 
contact), we have, 




... (106) 
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C C c 

~ —2^,), ... (106.1) 


and just after impact, 


J'a — C—Zilt ^i) jitit 2^1), 
y,=y. = C-fJ{-^-ft,)-hH- - 2 O,), 

r r 


where, 


C = A{^')+/a(‘l>-^a)+/3{‘i*-20W. 

At i = ‘T>= , we have. 


(106.2) 

(106.3) 

(io6'4) 







,9 cm. ... (107) 


VN’here stands foi 


Again, at / = <!* + H= c^) = i2oo cnis., we have for the following \'aliies 

e 

of the disturbances after .successive reflections. 




L 




('f= 


= 0 J 


'{ T 




This gives, for the net effect. 


as any value of the argument greater than is replaced by . Similarly 
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as greater values of arguments are always 


replaced by 


385 


And for /a, 



as greater values of arguments are replaced by , Hence we have 

(. 


3 ^^ = 


'■( ‘’r ) ' '■( ) ' '■( )"'■( )“'=( T 


Thus we find that the values of y^ at / given by eq. (107) and at f = + H 

given by eq. (io<S) are identical. Similarly at /“<h + 2H will have the same value 
as above. Thus it is conclusively proved that ilir motion is pvnodic, the period 


being the natural period of the string, 


2/ 

c 


( = H). 


The displacement at any time 


f>^> is calculated in the same way. 

When the hammer strikes at a = 290 cms., f.t ., ^ = 310 cms., wc have for the 


displacement at f — sec. or at f = fI> + 0= 


sec. 


... (.0,) 

Here reflections from both ends overtake the hammer at different time. 
The displacements at points other than tlie slruck-point are calculated following 
similar procedure. 

When the hammer strikes at mid-point, i.e,, 0=6=300 cms., we have at 

/ = sec. 
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Here the reflections from both ends overtake the hammer at the same 
instant. 



l^xperiniental curve— conliniions 
'riieorctical curve — hroken hue 


pKiUKK r 

The expcriincnlal phot(>.erai>hic curves of these i)oints are projected npon a 
squared paper by the help of au epidiascope. < )\\ iipt» to tlic definite width of the 
string-, the vibration form, traced out by llie sinface of the string in contact witli 
the hauiincr, is onfy drawn upon the ])aper. The lime-displaceinenl cnrv'c s, as 
calculated from the theory, are superimposed upon the observed curves with tiie 
same unit of length. These curves are show n in flg.i. They are found to be 
almost identical. Thus there is very good agreement between the theory and the 
experiment. 

In order to study the tone (juality, the time-displacement curves of the mid- 
point, excited by the impact at different points of the string, measured from one 
of the fixed ends, are analysed as was done by (leorgc.’ Ihit to calculate the 
corresponding theoretical values, the magnitude of the corresponding duration 
of contact should be calculated. This, iKwvever, is a lengthy process. In 
order to minimise this trouble of calculation and at the same time to test tbe 
theory in this direction systematically, the original time-displacement shadow'- 
graph of different struck-point just after impact of au inelastic hammer are projected 
under the same optical magnification over a scpiared paper fixed upon a wall by 
the help of the epidiascope. The altitude of the curve, at twelve equidistant 
points on the time axis, of each projected shadow-graph, is measured. 
Then the amplitude of the fundamental is w^orked out following Taylor’s ^ 
scheme. 


2 
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The symbols to be used are same as in previous papers. 

The general expression for the pressure as obtained befoie (Part III) is 

— P — 2pc[/'i(t) /'« I ] {(< — n 6 i) + U — + {a/'s — a/'a}'/ — 


+ S{(»i H 2)/'«. s - 2(n + i)/'« 1 2 + »/'«+ i}{<-W-n6/il + {f-« - n^a)} 


+ 2{6/'., - T2/'4 + S/':( - 2/'2}(/ - 2H). 

where, for inelastic hammer. 


f'n*\{i) = VoC 


I - "C,.r/f + “C.. -^ 4 - ■■ + -•••+ -T 


... (56) 


(56.1) 


and 


2pC 


The respective functions in eq. (56) will appear at 

/ = o, ^1, 2^] ... ^3, 26^2 ... © + ^1, 

© + 2^ ; ... © + j , © “t* ^2» . etc,, 

which are obtained by equating the arguments of the functions to zero. 

From the expression of tlie displacement at struck-point given by eq. (52), 
Part III, we get, after differentiating with respect to time, 

= i -n0^) + {t-ne.2n 


'T 0 ‘T’ O 


= ^ , for t — fp. 
"‘'0 


+ { 2 /'s- 4/'2 + 2/'i}(f-W) 

+ 2{(n + 2)/'„ 4 ,[ - (311 + 4)/'n . 2 + (3« + 2 ) l ' n ^ l ~ nf'n } 

{< — W — h6j) + (f — B — M^g)} 
+ {6/5 - i 8/'4 + 2o/';j -- lo/'.j + 2/'i }(/ -2B)], ... (in) 

... (112) 


Eq. (hi) gives the ratio of the velocity of the inelastic hammer at any 
time t during impact to the initial velocity vq- The variable time t is evidently 
replaced by the duration of impact when we require the ratio of the velofcity trdf 

the hammer at the instant of separation to the initial velocity Do- 

The ratio of the loss of energy — to the initial energy imT® is 
given by 

(113) 




Dynamics of the Pianoforte String and the Hammer 


which is easily calculated with the help of cq. (i ii), when the magnitude of the 
duration of impact is known. 

The duration of impact, for a given struck-point, is the lowest positive root 
other than zero, obtained by solving for the point, T — o. The expressions for 
the duration of impact, for different struck- points and ‘ mass-ratio * are already 
worked out in part IV. Hei*e, of course, for the sake of simplicity we shall follow 
graphical method. We find that the expressions for the pressure exerted by 
the hammer eq. (56), and the ratio of the velocities, eq. (in), arc the sum of 
different /’s which appear at different times. 



Figukk r 

In order to simplify calculation of the duration of impact and the energy loss 
for a given 'mass ratio,’ some of the functions /'j , /'2, /'a, /'4, etc., for different 
values of the 'mass-ratio’ are graphically lepresented against the time axis over 
a big squared paper. The same are represented in figure (la) and (2a) 

for is equal to i and 3 respectively. The duration of impact for a given 

M 

striking point is graphically calculated with the help of (56), Here the functions 
appear at different times. The magnitude of each function for any argument 
is obtained from the graphs, in fig. (la) or (2a). The functions actually appearing 
during impact are also detected as the pressure-time curves are drawn. Next 
we retain those appearing functions, in eq. (iii) where we put the magnitude 
of for i, and the arguments are calculated. The magnitude of these functions 
for the given argument is found from the graph similar to fig. (la) or (2a), and the 
energy loss is calculated. 


u 


M. Ghosh 



FltiURE 2 

I v^\ 

In this way the ratio | i — ^ 1 of the loss of energy to the initial energy 

or given struck-points are calculated. They are represented by dots over the 
experimental curves given by George and Beckett.’^ Figures (ib) and ( 2 b) 

correspond to two different hainiiiers. They are of ‘ mass-ratio ' — = i and 3 res- 

M 

pectively. The agreement between the theory and experiment is excellent. Here 
graphical representation of all the functions occurring when the struck-point is 
small, considerably — simplifies the labour involved in the calculation for a given 
Gnass-ratio. ’ The value of a given function before or after any reflection from 
one end or the other will only depend upon the nature of the corresponding 
arguments, so it is directly determined from the graph in fig. (la) or ( 2 a). 

My best thanks are due to Professor K. C. Kar, D-Sc , of Presidency College, 
Calcutta, for the inteiest he took in the work. 

Physical Labor atoky, 

Burdwan Raj Collbgb, 

Buruwax. 
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ABSTRACT. From measurtincnts of *1346 absorption markings tlic authors find tliat 
prominences are rarely perpendicular to the |nn’.s .surface. The majority of prominences have 
a tilt towards the we.st of the vertical, although there are cases «)f eastward tilt and no tilt. The 
average tilt found, by proper weighting, from all the- measurements is 8°\V. An e.vplanation of 
the origin of the tilt has been offered ; and ott the ba.sis of this explunation it lias been suggested 
that most stable prominences probablj' originate in the deep interior of the .sun. 

In recent years the geometrical aspect of the appearance of solar prominences 
(luring their jiassage across the disc has received a considerable measure of 
attention from T. Royds and his collaborators at Kodaikanal and from I,. 
d’Azanibuja and his co-workers at Meudon, and several useful observational fads 
have emerged from their invesligations. ( hie interesting conclusion brought out 
by these researches is that there is a marked dissymmetry in the behaviour of 
prominences projected on the sun’s disc in regard to the two halves of the disc 
separated by the central meridian. From a statistical study of the measures of 
areas of the absorption markings (or filaments, as tliey are sometimes called) 
photographed in Ha light and lying parallel to the meridians at different helio- 
graphic latitudes M- Salaruddin’ found that the areas at eastern longitudes were 
less than those at the corresponding w’estern longitudes. At the same time he 
appears to have noted that the areas of absorption markings attained their 
minimum values at the central meridian. There is, however, an inherent contra- 
diction between these two conclusions which becomes rather evident when one 
considers his interpretation of the first conclusion concerning the dissymmetry 
between the easteni and western areas. Salaruddin attempts to explain this 
dissymmetry by the tentative suggestion that it may be due to most of the fila- 
ments measured to the west being growing ones. This interpretation is obviously 
unconvincing in view of the artificiality of the supposition upon which it is based. 
There is no objection against assuming that some prominences may be continuous- 
ly growing and others continuously decaying during their passage from the east 
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limb to the west limb, so that in the average of a large number of cases the 
eastern and western areas at corresponding longitudes would be equalised and the 
minimum of area would necessarily occur at the central meridian. But there 
appears to be no admissible reason for supposing that prominences prefer to grow 
or decay only when they happen to be on the one side of the central meridian or 
the other ; in fact such a supposition would be contrary to the law of chance. 
From these considerations it seems clear that if there is a true inequality between 
the eastern and the western areas of filaments, then the minimum of area should 
occur at some longitude different from the central meridian. Indeed it is difficult 
to accept with equal confidence both the conclusions of vSalaruddin referred to 
above. We have, however, verified by a personal discussion with him that his 
second conclusion is not intended to be regarded as the result of exact measure- 
ments ; for the main purpose of his paper he did not require to determine the exact 
longitude at which the area of an absorption marking became minimum. 

If one makes a careful determinatiim of the longitude at which the area of a 
dark marking becomes mininjum, one definitely finds that this longitude, in the 
vast majority of cases, does not coincide with the ceiilial meridian: Mine. M. 
d’Azambnja-Rouincns" has found this in her measurement of 171 selected mark- 
ings and we have arrived at the same conclusion after examining upwards of 1300 
filaments which have been studied for the purposes of the i)resent investigation. 
From the above-mentioned work Roumens concludes that the majority of absorp- 
tion markings present their minimum aica at some longitude to the east of the 
central meridian and derives a weighted average value of jo^K for this longitude. 
This result is obviously of the same nature as the dissymmetry referred to above 
wliich manifests itself in the increase of the western areas over the eastern areas 
at corresponding longitudes. In fact Roumens has olfeicd for both these observa- 
tions a very f)lausible explanation based on the hypothesis that prominences have 
a systematic westward tilt or inclination to the vertical at the points where they 
stand on the suirs surface, so that tlie average value of found for the eastern 
longitude at which dark markings present their minimum area or breadth signifies 
that the average tilt of prominences is 10'' tow ards the west.* It is to be noted, 
howeveii tliart this hypothesis involves a departure from tlic commonly accepted 
picture of a prominence. Usually a proniinencc is regarded as a thin flame fits 
height and breadth being considerably gi eater than its depth) resembling a fish- 
tail in shape and standing with its plane normal to the sun’s surface. Since the 
assumption of the westward tilt is a notable departure from the accepted view 
about prominences one would naturally like to be certain that such a depar- 
ture is really necessary and inevitable. 


* As will be evident from the next two paragraphs this conclnsioii is to be regarded as 
provisional for the time being, for it depends i pon whether the markings measured by Fdumcnp 
^re parallel to the meridians or inclined to them. 
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In a recent paper M. Waldmeier ® has contended that it is quite unnecessary 
to make the assumption that prominences are systematically inclined towards the 
west of the vertical and that it is perfectly possible to account for the above- 
mentioned observation of Roumensfrom considerations of simple spherical trigono- 
metry, Waldmeier 's argument is briefly as follows : A prominence is a thin flame 
standing with its plane normal to the surface of the sun, i.e., it has no tilt to the 
vertical. At the equator the corresponding filament makes an angle of 90 with 
the parallels of latitude, but at higher latitudes this angle progressively decreases 
towards the pole as is w^el! knowm from observation. Let <l> be the heliographic 
latitude at which the filament occuiap its inclination to the parallels of latitude 
and d the longitude (counted from the central meridian) at which the filament 
appears at its narrowest. Then front Fig. j it is easily seen that d is that longi- 



Figure i 

tude at which the length of the filament, prolonged if necessary, would pass 
through the centre of the disc and in this position the following relation must 
hold among the quantities d. 0 and 6 : 

tan d=sm ^>/tan 0 ^ 

Now Roumens says in her note that she has used almost entirely filaments of the 
equatorial belt so that the average latitude of the filaments examined by her may 
be taken to be about 20®. Then, using the average value of 0 obtained from 
Observational data for latitude 20®, one obtains from the above furmula d — 13®, 
which is in excellent agreement with the average value (viz.^ 10®) of the west tilt 
derived by Roumens. So far as the geometrical considerations are concerned 
there can be no doubt that Waldmeier is correct, but the present writers could not 
feel sure that he is right in assuming that the filaments measured by Roumens 
really bad the average inclination to the parallels of latitude appropriate to latitude 
tor in her short note inihe Comptes Rendus sufficient details are not given, 
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Our doubt was further accentuated by the fact observed by Salaruddin that the 
western areas of filaments were larger than the eastern areas, although the fila* 
nients studied by him were parallel to the meridians. This dissymmetry can^ 
by no means, be explained by Waldmeier's formula. The problem, therefore, 
appeared to us to be well worth re-examining. 

Although generally filaments at the equator are parallel to the meridians and 
at higher latitudes the inclination of filaments to the meridians increases with the 
latitude, it is a fact of common observation that quite a number of filaments at 
latitudes higher than the equator do have little or no inclination to the meridians. 
Accordingly there appear to be two ways of determining the average tilt of promi- 
nences, if such tilt really exists. One way is to select for measurement only fila- 
ments parallel to the meridians and determine the longitudes at which they appear 
at their narrowest ; in this case naturally Waldmeier*s geometrical considerations 
are automatically eliminated, but this method has the disadvantage that one has 
rather a small number of filaments to work with. The alternative way is to select 
filaments, which are definitely not parallel to the meridians ; by this method of 
selection one can obtain a very large number of filaments for measurement, so that 
one can expect to arrive at a much more reliable average value of the tilt if it 
exists. It must be noted, however, that in this second method one has to make 
proper allowances for the efTcct to be expccte<l from the geometrical considerations 
set forth by Waldmeier. This will be clear from Fig. e in which we have illus- 



Successive aspects of prominences 
when they traverse the disc 

Figure 2 


trated the variations in the appearance of two types of filaments during their 
passage from the east limb to the west. The upper half of the diagram shows the 
successive aspects of a filament inclined to the meridians as it traverses the disc ; 
and the lower half represents the sequence of aspects of a filament parallel to the 
meridians. It is assumed that the prominences corresponding to the filaments 
represented in the diagram have no tilt to the vertical. It is clear that the fila- 
ment parallel to the meridians attains its minimum breadth at the central meridian, 
while the filament inclined to the meridians appears narrow est at an eastern longi- 
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tude where its length points towards the centre of the disc. If, however, the 
filaments have a tilt towards the west, then the meridional filament should appear 
narrowest when it is at some eastern longitude instead of the central meridian ; 
while the inclined filament should be narrowest at some longitude further east of 
the position shown in Fig. 2. In the case of the meridional filament obviously the 
tilt is numerically equal to the longitude at which it appears narrowest ; but for 
the inclined filament the tilt is numerically equal to the difference between the 
longitude at which it is actually found to be narrowest and the longitude d cal- 
culated from the formula tan d — 0/tan ^ by using the appropriate values of 
0 and 0 obtained by actual ineasurciijent of the filament concerned. 

In the present work filaments api>reciably inclined to the meridians have been 
exclusively used. For the purpose of selecting suital)le lilamcnls we examined 
the daily disc si)ectroheiiogranis in 3a light and sun charts for about 10 years out 
of the records of the Kodaikaiial Observatory and selected 1346 filaments. Only 
stable markings w’crc selected for m^sureiiient so as to eliminate the uncertainties 
due to the variation of areas on account of dissipation of x>arts of markings. The 
selection w as made from a prelimiiiaty examination of the bromide prints of photo- 
graphs. The positives on paper were preferred to the original negatives primari- 
ly for the reason that the greatest dejpth of an absorption marking is better seen 
as a dark lidge on a positive than as a w^hite marking on a negative; the line 
of greatest absorption is very hclr)ful in finding the least area or breadth. But 
there was also the idea of avoiding the risk of damage involved in handling a large 
number of negatives on glass which form the permanent records of the observatory. 
After the preliminary examination, the variation of areas of markings, from the 
east limb to the west limb or until their disappearance, was carefully followed. 
A little consideration shows that the breadth of a filament must be least when 
the line of sight lies in the plane of the prominence, which is responsible for the 
formation of the filament ; and in this position the dark ridge of great absorption 
lies symmetrically to the wings. This criterion was found to be a dependable 
guide in finding the longitude at w^hich a filament appeared narrowest. No 
gr eat difficulty was experienced in choosing the photograph on which a particular 
marking appeared to have its least breadth. Photographs were thus chosen and 
then checked with reference to the sketches of markings on the sun charts which 
are prepared as a routine at this observatory. If the position of a marking 
showing the minimum breadth appeared on a photograph, then the longitude 
was measured accurately by means of a glass reseau which had latitudes and 
longitudes marked on a scale appropriate to the photograph. But phot ogiaiihs 
are available only at intervals of a day and consequently more often than not it 
happens that the position of minimum area of a marking occurs at a time w^hich 
falls within the interval between the times at wdiich photographs arc taken on 
successive days* In such cases the most probable longitudes of markings w'ere 
estinlated by judging whether the minimum areas occurred nearer one day or 
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the other and applying suitable corrections to the longitudes as measured from 
the photographs. This method of interpolation necessarily introduces a certain 
amount of uncertainty; and as the variation due to the sun’s rotation is about 
13° per day the maximum error involved in any individual estimation may be 
± 3°. The measurement of the latitudes of markings could be done with less 
uncertainty, the procedure followed being in accordance with the usual practice 
in solar statistics. If a marking was found to lie across a zone of 5° of latitude, 
the mean of the zone was marked against the marking. If the marking was 
shorter than a zone, the latitude of the midpoint to the nearest degree w'as taken 
as the latitude of the marking. If a marking w^as long and lay across several 
zones of latitude, then each portion of the marking lying across a zone was 
considered to be an individual marking and the mean of the zone noted against 
each. The inclinations to the parallels of latitude were measured, as is usually 
done, when the markings were at the central meridian or near it, so that the 
vitiating influence of the curvature of the sun’s surface was eliminated. The 
values of the inclination, thus obtained, were noted against the markings to the 
nearest 5®. As it was found difficult to measure the inclinations of markings 
above latitude 45®, most of the markings chosen were below that latitude. 

The observations were arranged in groups according to ranges of latitude 
and inclinations. The means (A^) of individual observations in each group were 
worked out and are given together with the number of observations in every 
group in Table I. The calculated values of d according to Waldmeicr’s formula 
for different values of ^ and h are given in Table IJ. In Table III are given 
the residual values (A, d) which are the tilts of the markings. Of the 1346 
markings measured for this work, 64 indicated no tilt, 237 indicated eastward 
tilt and 1045 indicated westward till ; lliat is, 78% of the filaments examined 
showed the existence of a westward tilt. The residual values in Table III vary 
from group to group both in sign and magnitude. In order to get an idea of 
the average tilt a general weighted mean of all the group values was w^orked out 
by giving appropriate weights according to the number of observations in every 
group. The weighted mean value thus obtained is +8® -2 with a probable error 
of ±o®’ 96. From the foregoing results it is evident that the majority of 
prominences do not stand perpendicularly to the sun’s surface ; they have a 
predominantly westward tilt, the average value of which is 8®W. 

By the time all the computational work in connection with the present 
paper w as completed Waldmeier * published a short note in which he admits 
that Mine. d’Azambuja-Roumens’s conclusion regarding the existence of a 
westward tilt is correct in view of certain facts which she has communicated 
to him in private correspondence and also in view of what she has said in a 
second, somewhat more detailed, paper * which was not known to him when be 
criticised her conclusion. This second paper of Mme. d'Azambuja-Roumens had 



Table I 


Motion of Gases in the Sun’s Atmosphere 


21 



Figures in brackets represent the number of observations 








Table III 


Motion of Gasss in the Sun’s Atmosphere 


23 




24 


A. K. Das and B. G. Narayan 


also escaped our notice ; but we have now read this paper and have not found 
in it any clear indication as to whether she has used meridional markings or 
markings inclined to the meridians in her determination of the west tilt of 
prominences. The second paper is, as far as we can see, an elaboration of her 
shorter note in certain respects, but her method of deter mining the tilt is precisely 
the same as vv e have described earlier in the present paper. Consequently, if 
she has used mainly filaments inclined to the meridians for her work, then her 
average Value of lo^W for the tilt must be substantially in error, for her method 
does not make allowances for the geometrical effect pointed out by Waldmeier. 
But since our value of 8° W agrees closely with her determination we are led to 
the conclusion that she must have used mostly filaments parallel to the meridians, 
so that the geometrical effect was practically eliminated. The fact that Mme. 
d*A/.ambuja-Roumens’s value is slightly higher than ours is probably due to her 
having used some inclined filaments as v\ell without, however, applying necessary 
corrections for the geometrical effect. Combining Mme. d'Azambuja-Roumens’s 
and our results we may, therefore, conclude that filaments both of the meridional 
and inclined types show that prominences have a predominantly westward tilt 
to the vertical. 

As the foregoing paragraphs have shown, it is not difficult to establish from 
observational material the prevalence of a westward tilt in prominences, but it is 
not so easy to discern with certainty the cause of this phenomenon. One of the 
explanations so far available of the genesis of the tilt is due to Mme. d’Azambuja- 
Roumens who discovered it. She bases her tentative explanation on the assump- 
tion that the top of a prominence rotates from east to west with a higher angular 
velocity than the bottom of the prominence. We find, however, very little 
conclusive evidence in support of this hypothesis. A comparison of all avail- 
able determinations of the angular velocity of rotation, made from the variation 
of the positions of sunspots, faculae, filaments, prominences, etc., indicates 
practically the same velocity of rotation at the heights corresponding to these 
phenomena ; and even if one claims that there is a tendency for the angular 
velocity to increase with altitude, there is scarcely any reason for concluding 
that the rate of increase with altitude is anything but extremely small. This 
being the case, an average tilt of 8'’W would require several days to come into 
existence through the mechanism envisaged by d’Azambuja-Roumeus, and the 
life of those prominences which show tilts of the order of 30° would have to be 
much longer than is warranted by observation. It must be mentioned, however, 
that the determinations of the east-west velocity in the upper parts of prominences 
made by J. Iwershed* from the Doppler displacements of the H and K lines 
have given angular velocities at least 1° per day higher than the angular velocity 
determined from sunspots. Some other observers also have obtained like results 
from similar spectroscopic measurements. This may at first sight suggest that 
tjie top of a prominence moves much faster than its bottom, and this seems to be 
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the reason for d’Azambuja-Roumens's assumption. But a difference in angular 
velocity of the order of per day between the top and the base of a prominence 
would cause a rapid increase in the tilt and therefore a rapid change in the shape 
of the prominence and the corresponding filament ; such rapid changes are, 
however, not observed in the quiescent prominences and absorption markings 
which exhibit a remarkable stability of shape. The virtual equality of the 
angular velocities at the sunspot and prominence levels as derived from the 
above-mentioned non-spectroscopic determinations and the observed stability of 
the shape of quiescent prominences and filaments appear to be clear evidence 
against d'Azambuja-Roumens’s hypothesis ; there is also no special reason for 
thinking that the spectroscopic nle^l^urements referred to above give the velocity 
of the bodily movement of the tops of prominences. In fact, the discrepancy 
between the angular velocity derived from the non-spectroscopic observation of 
filaments and the angular velocity determined from spectroscopic measurements 
of prominences may be regarded a^an indication that the two methods measure 
two velocities quite distinct from ^ch other. The non-spectroscopic method 
gives the apparent bodily movement of vSpots, filaments, etc., while the spectoscopic 
method applied to prominences determines the east- west velocity of the constituent 
atoms resulting from the internal motions of the prominences. The existence 
of internal motion in prominences is well kllov^'^ and there is little doubt that 
stable prominences are continually renewed from below. It seems i>robable that 
this intenial motion is not random and that the atoms describe a cyclic trajectory 
in a plane more or less inclined to the meridians, .so that atoms go up along one 
arm of the cycle steadily curving westwards until the trajectory Itccmcs 
horizontal at the toji and then descend back to the surface of the sun along the 
other arm of the cycle. There is good dynamical reason for such cyclic motion 
which is even necessary for maintaining the shape of stable prominences On 
this view the high velocity obtained from spectroscopic mersurenients on the 
upper part of a prominence is the east-west velocity of the radiating atoms in the 
upper, more or less horizontal, part of Iheii cyclic path, the translatory movement 
of the prominence being negligible in comparison. 

In view^ of the difficulties pointed out in the above discussion the mechanism 
suggested by Mme. d'Azaiiibuja-Roumens in order to explain the observed 
w^estward tilt of prominences cannot be regarded as satisfactory. Ihe only othei 
explanation of this phenomenon, so far as we arc aware, has been given by one 
of us in a previous paper.’ In that paper the dynamics of a particle ejected 
from the interior of the sun, where the angular velocity is much higher than at 
the surface, has been investigated and it has been shown from the equations of 
motion that the trajectory of such a particle will be inclined towards the west 
of the vertical at the point of the sun's surface at which the particle emerges 
into the coronal atmosphere, provided that the particle was initially projected 
in a radial direction. It has also been shown that the amount of deflection from 

4 
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the vertical to be expected from theoretical considerations is, on the average, 
of the same order as the average west tilt derived from observational data by 
d’Azambuja-Roumens and by us. Without going into further details, which 
will be found in the afore-raentioned paper, we may, however, mention that this 
explanation is free from the objections that can be raised against d'Azambuja- 
Roumens's explanation. The easlw^ard lilt observed in some prominences also 
follows ill a natural way from the equations of motion if the particle starts 
in a radial direction from some layer of the sun where the angular velocity 
is the same as the angular velocity observed at the surface; this eastw^ard 
tilt is, however, very difficult to understand from the mechanism proposed 
by d'Azambuja-Roumens or from the hypothesis (advocated by some 
workers) of the existence of permanent east-west currents beyond the 
chromosphere. The occurrence of no tiit in a few' prominences probably 
indicates that sometimes particles arc ejected with an initial bias towards the 
east or w^est of the radial direction and this bias is compensated by the deflection 
to be expected from the equations of motion. But since the majority of 
prominences have a west waid tilt, one may probably conclude, according to the 
mechanism advocated in the present paper, that stable prominences aie generally 
formed by gases initially ejected in a radial dircclion from tlie deep interior 
of the sun. 

SoeAR Physics Observaioky , 

Kodaikanae. 
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STRUCTURE OF THE ELECTRONIC BANDS OF THE 
OD MOLECULE.-PART I 

By M. G. SASTRY 

AND 

K. R, RAO 

Andhra U|iiversity, Waltair 

(Re('M:ivcii jo) publitaiion, Scplcnibct r/, 1040) 
riatc I 

ABSTRACT. Hands due to tlie ()I) nulJeeule have been obtained free from any traee of the 
OH bands, by pliotographing diseliarqes tintiugli vapour of heavy water of a very high degree of 
purity. Mca.sureiiicnts on the plate IjelvveeS A21S00 and A3060 have led to the rotaticjiinl stiiiclure 
of the (i, oh (2, i) and (3, 2) bands. 

XJ.sing Hill and Van Vleek’s eneigy fotniula for the doublet electronic states flu^ rr-tational 
constants have been evaluated. 

The calculated positions of the null lines have enabled the determination of the vibrational 
constants of the 01) molecule and the mass-ratio of the Hj drogen isotopes. 

INTRODTiCTTON 

In the course of a general investigation on the eiiiTSsion bands of heavy 
water, the authors have obtained the electronic band system ^ of 

the t)D molecule in the region A36UO to A240U, imfct:tly free from any trace of 
the bands of the OH molecule. 

OH and ( )D form an interesting pair of isotopic molecules and a detailed 
study of the structure of the Ol) bands is considered to be of gieal imi)ortan('e as 
it yieids valuable information on the electronic isotopic displacements as well as 
the efiect of isotopes on the spin-doubling, and A-type doubling of molecular 
rotational levels. These considerations have been referred to in a short letter by 
Johnston (1934), but the detailed observations have not been published so far. 
Shaw and Gibbs (1934) also appear to have carried out work on the OD bands 
corresponding to A3064 and A3122 of OH. However, the only work published 
till now ill detail is due to Ishaq (1937) and (1939), who obtained the rotational 
Structure of the three bands AA2708, 2736 and 3065. It is the purpose of the 
present paper to describe the rotational structuie of the (i, 0), (2, i) and (3, 2) 
bauds which lie in the region between A2800 and A3060. The structure of the 
remaining bands in the regions A3400* and A 2500 will be dealt wdth in a subse- 
quent communication. (M. G. Sastry, Current Science, 9 , 368, 1940). 

* The structure of these has been reported by Ishaq (Current Science, 9 , 27 5 > ^ 94 ^) flic 

present paper is being prepared. 
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HXPBRIMENTAIv 

The bands were excited by sending uncondensed discharges from a jK-w 
transformer through vapour of pure heavy water contained in a pyrex tube of the 
usual H type, the central portion having a bore of about i cm. Preliminary 
attempts showed that with a tube of this bore the continuous background, which 
otherwise obliterates the faint lines, was very considerably reduced. The heavy 
water was supplied by the Imperial Chemical Industries, Ltd., and reported to be 
98*6% pure. A continuous evacuation of the tube was found necessary as other- 
wise, due to increase of the vapour pressure, the discharge ceased to pass. The 
pale bluish violet discharge obtained under the conditions was so intense that 
photographs could be obtained even with a five-minute exposure, with a Hilger 
Large Quartz Littrow (E. i) which was the main instrument used in the 
present work. With a slit width of less than o'oi m/m and an exposure of 4 
hours, the lines obtained were very sharp and permitted accurate measurement, 
using Iron Arc standards. Attempts are being made to obtain photographs of 
these and the other bands above A3000 in the higher orders of a 10 ft. concave 
grating. 

Plate I is an enlargement of the bands in the region A2800 to A3070, showing 
their rotational structure descrilied in the succeeding sections. 

APPLICATION OP THE COMBINATION PRINCIPLE 

The assignment of the lines recoided in Table (10) at the end and the Portrat 
diagrams (not shown here) of the several branches of the bands reveal that the 
bands AA2872, 2916 and 2963 possess the same general structure as the bauds 
AA2708, 2756 and 3065 identified previously by Ishaq and characteristic of the 
electronic transition — > ^Ibuv. The application of the combination principle 
completes the identification and affords a check on the assignment of the quantum 
numbers. The expression for the w^ave numbers of the lines constituting the six 
main branches corresponding to the above electronic transition are 

Ri(K)=:FMK+i)-F^.,(K) 

Qi(K) = F'i(K)-F",.(K) 

P,(K) = F'i(K-i)-F"x,(K) 

together with similar expressions for the branches R2(K), Q2(K) and P2(K). The 
following combination relations are hence easily obtained. 

RifK)-Pi(K)=F'j(K + i)-F'i(K-i)=A8F'i(K) ... (i) 

Ra(K)-Pa(K)=F 8 (K + i)-F2(K-i)=A2Fa(K) ... (2) 

The diflereuce between the quantities A8F'x(K) and A^F'sCK) is a measure of the 
spin doubling in the upper state. In the present work, however, as the 
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satellite branches have not been identified, the above difference is ignored and the 

Upper rotational levels are treated as single. 

The lower state gives rise to four series of terms due to spin and A-type 

doubling. For the spin component ^11 . state (F"i levels) wc have 

I 2 

Ri(K)-Qi(K + i)=F'',.(K + i)-F'',,/(K) ... (3) 

Q,(K)-Pi{K + i) = F"m(K + i)-F".,{K). ... (4) 

Subtracting, we get 

[R,(K)-Q,(K + i)l-[Q,(K)-P,(K + i)] 

= [F" re (K + 1 ) - F"i^(K 4; 1 ) J + f F" , 0 (K) - F^ „ (K ) I 

= Av%rf(K + i) + Ai-%„(K) 

= 2 Ai''^,/(K + -i). J ... ( 5 ) 

The combination defect therefore leaefe to a mean value fA the A-doubling in the 
levels K+ I and K. A similar exprefsion holds for the A-doubling in the other 
spin component ‘^11^ (F "2 levels) stape of the molecule. In the absence of the 
satellite branches, the above data constitute the only information that can be 
obtained of the A-doubling in the ‘^JI states. 


TABtE (i) R (K)-P,(K) = A2F',(K) 


K 

2872 

U, 0) 

2916 
(2, I) 

2963 
(3. 2) 

2708 
(2, ol 

2756 
(3. It 

1 

52.6 

.SI.I 1 ) 

47-9 b 


48.1 

2 

876 1' 

83.5 ^ 

81.4 b 

S3 -9 

80.3 h 

3 

121.4 b 

117.1 h 

J14.2 b 

ir8 0 1) 

113 6 b 

4 

156,1 b 

150.8 h 

144.5 b 

150.6 b 

144.6 b 

5 

191.1 b 

184.4 b 

177.4 b 

183.8 b 

176-7 b 

6 

225.7 b 

215.9 b 

208.8 b 

217.2 b 

208.8 

7 

259 -S b 

249 - * 

240.1 b 

2500 

240.0 

8 

293.4 b 

282 I b 

272.2 1) 

282.9 b 

271.4 

9 

327'4 

3 ^ 5-2 

302,8 1) 

315-4 

302 8 

10 

360.8 

347-5 

333 .<^ 

347-1 b 

333-6 


394 - ' 

379-3 b 

364.Q 

379.4 

364.8 b 

12 

427.2 

411.0 

394-1 

410.7 b 

394.5 b 

i 3 

459 -S 

442.5 

424.0 b 

441 8 

424.6 

14 

492.4 b 

474.1 b 

— - 

473-4 

454 2 

15 

523-7 b 

504.2 

•— 

503.2 1) 

4S3-5 

16 

556.0 

534.3 . 

— 

533.6 


17 

586.8 1> 

563.9 b 

— 

563.1 

— 

18 

616.6 

594-4 

— 

593-3 

— 

^9 

647-5 b 


— 

j 621.7 

— 

20 

676.0 b 

— 

— 1 

650.6 b 

— 

21 

706.1 

— 

— ! 

677-7 

— 

22 

734-0 

— 

— 1 

— 

— 

23 

762.5 ^ 

— 

— 

— 

— ‘ 

34 

790.1 b 

— 

— 

— 

— 

25 

816.4 b 

— 

— 

i 


26 

841.8 b 

— 

— 


— 


b in thiF and all the subsequent tables indicates that the difference is obtained from 
blended lines. 
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Tabi,e (2) :--R2{K)-p2(K) = A2F'2(K) 


K 

2878 
(1, 0) 

2916 
(8, I) 

^3 

2708 
(a, 0) 

2756 
(3. li 

I 

Sa .3 b 

— 

52.6 

— 

— 

2 

85.8 b 

83.3 b 

81.9 

84.1 

79 7 b 

3 

121.4 

i 

119.4 b 

114.7 

117,7 b 

II 2.0 b 

4 

, 156.8 1) 

150.3 b 

144.5 b 

150 6 

144 (* b 

5 

190.7 b 

183.1 b 

176.4 b 

i 83..S b 

176.0 b 

6 

1 

1 224.9 b 

216.7 b 

208.1 b 

216.4 

208.5 b 

7 

259.2 b 

249.2 b 

239.2 b 

249.9 b 

240.1 b 

8 

293-2 

282.6 b 

271.3 b 

282,3 

27 1. 5 b 

9 

327.4 

3151 

302.6 b 

314.3 

302.6 b 

10 

360.6 b 

346.4 

333-4 b 

M(>-7 

333-5 b 

11 

393 fi b 

37^^-2 b 

363.1 

379-4 b 

364 4 b 

12 

426.8 I) 

— 

— 

410.7 

395-6 b 

13 

459.9 b 

— 

— 

442.1 

424.1 b 

14 

491.9 b 

— 

— 

473-0 b 

45 . 5-8 b 


Tables (i) and (2) give the values of AgF'IK) for the bands analysed by the 
authors together with the correspond iiig values for the bands identified by Ishaq 
(1937)- 'I'be agreetneiit between the respective rotational term diflerences indicate 
that AA,29 i 6 and 2708 have a common upper vibrational state r'=2 and that 
A.2963 and A2756 have the common value v' = i- The structure of A2872 gives the 
rotational characteristics associated with the vibrational state which have 
not been previously identified. 

Tables (3), (4) and (5) represent the combination differences shown in equa- 
tions (3) and (4) for the two spin component levels in each of the bands identified. 
A comparison of these values with Ishaq’s data indicate a common lower vibra- 
tional level v"—o for the bands AA2872, 2708 and 30.65, and r''*=i for AA2916 and 
2756. The data recorded for A2963 represent values for -a" =2 which are newly 
obtained in the present work. The fourth and seventh columns in each of the 
thr ee tables show the “mean A-doubling” for various values of K, referred to 
in equation (5). 
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Table (3) A2872 


K 

Rl<K) 

Ql(K) 

1 

1 Mean 

R)l(KJ 

Qj(K) 

Mean 

— 

— 

A 

— 

1 — 

A 


Qi(k:+i) 

PiiK + i) 

' iXiubliiig 

t>2lK + j) 

ri(K 4 -i'‘ 

Doubling 

I 

46.8 

46.6 

j -o.t 

32.2 b 

. 1 

! 3 ” 9 b 

1 ‘ 

j - 0.7 

2 

65.0 

64.5 b 

"^.3 

51.4 b 

; 52.3 b 

1 ^'-5 

3 

83.8 

83 7 l> 

“0.1 

72 6 b 

73 ' 1 b 

i 

0-3 

4 

10:5,4 

j 102 I 

1 

03.6 1) 

93 4 b 

“ 0.1 

5 

T 21 8 h 

T 2 I .7 

1 ’ 

IT ; 9 b 

! 1T4 2 

0.2 

6 

141.0 h 

140.1 b 

-o.i 

133 S b 

; > 33-5 b 

“ 0,2 

7 

160.4 b 

159.0 


153 3 b 

: 1536 

0.2 

8 

178.9 

177 *^ 

“O^ 

173 I b 

^ 74-1 

0.5 

9 

198.1 

196.5 

-O.K 

S b 

1 

j 193-3 

— O.I 

10 

216.7 h 

215.0 1) 

“0.0 

212.4 h 

1 212.1 

i 

“0-2 

11 

236.1 b 

233 9 b 

“l.t 

231 9 b 

1 

: 231 5 

“0.2 

12 

^’ 55-4 

251.6 

“I.9 

251.2 b 

i 250.4 

“O.4 

13 

274. 1 1> 

269.6 I) 

“ 2.4 

270.1 

268.2 b 

“I.O 

M 

21)3-2 b 

286 6 

-3-3 

289 1 b 

i 287.8 

1 

“0 7 

’5 

311 9 b 

305.6 !) 

-32 

— 

305.5 b 

— 

j6 

33 ‘-J 

j 

- 3 .« 


! 323 3 b 

— 

J 7 

347-9 

3394 

1 -4.0 

1 

1 

' 3409 b 

— 

18 

3<’5 7 

357-7 



359-0 b 

- 

19 

384 1 

374-3 *» 

- 4-9 

— 

; 375-9 

i 


20 

400 6 b 

391-1 

-4.8 


392.1 b 

— 

21 

418.9 

407-5 

- 5-7 

— 

409.0 

— 

22 

435-8 

4^4.3 

- 5-8 

- 

4264 b 

— 

23 

4 .S 3-3 

440 2 

“6.1 


441.5 b 

— 

24 

468.7 

455 -<> ^ 

-6.6 

— 

457-7 

“■ 

25 

485.4 

470.1 b 

-7.7 

— 

472-5 b 

— 

26 

502.1 

482.7 b 

-9.7 

— 

487.7 b 

— 

27 

— 

— 

— 

— 

502.6 b 

— 

28 

— 

- 

— 

— 

517.4 b 

— 

29 

— 

— 

- 

— 

531.2 b 

— 

30 

— 

— 

— 

— 

544-9 b 

— 

31 


— 

— 

— 

558.4 b 

— 
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Table (4) : — A29i6 


K 

R,(Kt 

QitK+i) 

Qi(K) 

r,(K+i) 

Mean 

A 

Doubling 

R»(K) 

Q«(K+i) 

Q*(K) 

P,(K+i) 

Mean 

A 

Doubling 

I 

46.3 b 

45-4 b 

-0.5 

— 

28.9 b 

— 

2 

63.0 

62.6 

—0.2 

50.5 

51.3 b 

04 

3 

83.2 b 

81.4 

-0.9 

72.0 

71.4 b 

-0.3 

4 

yg.q b 

99.0 1) 

-0.5 

90.0 b 

91.3 b 

0.7 

5 

11S.3 b 

118.2 b 

— 0.1 

210.2 b 

iii.i b 

0.5 

6 

135-8 b 

^36,3 

+0.3 

129.8 b 

129.3 b 

-0.3 

7 

154-9 

154-5 b 

— 0.2 

148.9 b 

149.7 b 

0.4 

8 

174.0 b 

172.4 

-0.8 

169.0 b 

169.3 b 

0.2 

9 

193 ^ 

190.6 b 

-13 

187.5 b 

187 I b 

—0-2 

JO 

1 211.8 

208.6 

— 1.6 

205.5 b 

206.3 b 

0,4 

IJ 

229.9 b 

226.6 

i -1.7 

224.4 b 

225.0 

0-3 

12 

247.9 

244.9 

- 1-5 

— 

243-7 

— 


266.3 

262.7 


— 

261.8 

- 

M 

284.9 

279.8 b 

-2.6 

— 

279.5 b 

— 

^5 

3 (’ 3 .o 

297.0 

-3.0 

— 

297.0 b 

— 

36 

320. S b 

313.3 b 

-3.6 

- 

313 7 b i 

— 

*7 

33S.2 

330.5 b 

-3 9 

- 

331.3 b 

— 

j8 

357 2 b 

347 8 b 

- 4-7 

- 

348 3 b 

— 

19 

— 

364.1 b 

— 

— 

364.7 

— 

2f) 

— 

379-5 

— 

— 

381.4 b 

— 

ai 

— 

395-5 b 

' — ! 


397-2 

— 

22 

— 

411.3 b 

— 

— 

412.9 b 


23 

— 

427.2 b 

— 

— 

427-5 

— 

24 

— 

441.4 b 


— 

442.9 b 

— 

25 

— 

454-9 b 

— 

— 

457-5 

1 — 
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PLATE I. 



Structure of the OD bands of heavy water between I 2800- 7,3060. 
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Table (5) A2963 


K 

Rl(K) 

Ql(K+i) 

Qi(K) 

1 Pi(K-fi) 

[ Mean 

A 

' Doubling 

Rj(K) 

QjIK + 1> 

QHK) 

PjfK-H) 

Mean 

A 

Doubling 

1 

43*8 b 

44-1 

0.2 


— 

— 

2 

62.3 b 

6i*7 

-0.3 

• 49-4 b 

48.0 b 

1 

-0.7 

3 

80.8 b 

78-8 

-IX) 

70.1 b 

1 70 I b 

0.0 

4 

96.8 b 

96*6 b 

-0,1 

87.5 b 

1 88.9 

0.7 

5 

115.6 b 

115-4 

—0.1 

106.8 b 

107.4 

0,3 

6 

133-3 b 

I 33‘2 b 

-o.| 

125.8 b 

126.1 b 

0.2 

7 

150.9 b 

150-5 b 

-o.i 

144.2 

145-S b 

0.7 

8 

169.6 

167-5 b 

-i.i 

163.8 b 

164.7 b 

0.5 

9 

187.9 b 

185-3 

-1.3 

180.9 b 

182.8 b 

1.0 

10 

205.9 b 

202-9 b 

-1-5 

199.6 b 

199.8 b 

0.1 

II 

223.7 

220*2 

-1.8 

— 

217.7 b 

-- 

12 

240.2 

237 2 

-1 5 

— 

236.6 

j 

— 

13 

258.5 b 

1 

254 4 b 

->2.1 

- 

255.7 b ■ 

— 

M 


271-7 1) 

— 

— 

275.1 b 

-- 

15 

— 

287*6 1) 

— 

— 

294.3 b 

— 

16 

— 

304-5 

— 

— 

— 

— 

17 

— 

320-7 b 

— 

i 

— 

— 


R O T A T I O N A ly C O N vS T A N 1' S 

The bands considered in this investigation are due to the electronic transition 
from the upper state to the ground-level which is inverted, the magni- 
tude of the ratio A/B being large and negative. For the initial level, the value 
of A being zero, S is not coupled to the internuclear axis and Hund's case (b) 
must obtain. The expression for the rotational energy may be written dow’n as 
F'(K) = B',K(K-hi) + D'.,K2(K + i)2 + ... ... (6) 

in which the smal term i 7 [j(j i) — K(K + 1 ) -“S(S+ i)] representing case (6) 
spin doubling is omitted. From (6) and the equations for the R, Q and P 
branches quoted earlier, we can obtain the relation, 

Ri (K) - Pi(K)^‘ 2 (K) - P 2 (K) 

= AgF'i(K)s= ( 4 K + 2 )[B'. + 2D'..(K2 + K + i)] ( 7 ) 
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For the states representiug any stage of coupling between Htmd’s case 
(a) and case (6) Hill and Van Vleck {1928) have derived a general expression for 
the rotational and coupling energies from which, according to Johnston, Dawson 
and Waker (1933) the following expression is derived : — 

A2F",2fK)=4B"„(K + i) + ?|^ + 8D".,[(K + i)3 + {K + 4)] + ... (8) 

AgF", 2(K) represents the mean of AgF", (K) and A2F''2(K) which are approxi- 
mately given by the rotational term differences 

fRi(K-i)-^Pi(K + i)] and [RsfK - 1) -P 2 (K + i)], respectively, 

if the relatively small values of the A-type doublet differences are neglected. 

Equations (7) and (8) can be employed as usual to determine the values of 
both the rotational constants B and D in the upper and lower electronic states. 
This has been done and the results have been reported in our preliminary notes — 
Rao and Sastry (1940). However, as the magnitude of D is small (of the order 
of 10”*) and the dispersion of the spectrograph employed is not large enough for 
the purpose, it is preferred to assume the values of D which can be calculated by 
the aid of the equation 

D, ,(<>■’) =p4jQ^(olO ^ t 

p being the mass ratio of the hydrogen isotopes. The constants for the f)H 
molecule are adopted from the wot k of Johnston, Dawson and Walker (1933). 
For the purpose of the al ove eeptation is assnnied to be o-syto, taking values 
determined by Aston (ty^.s) H’ = i.(xkSi and H* = 2.oi4iS. The \ allies of D cal- 
culated in the above manner for the vatiotis vibratiomil slates and tlio.se of B after- 
wards obtained from equ itions (7) and (8) and the observed lotational term differ- 
ences are set forth in Table (6). 

Table (6) : — Rotational Constants in ciiis."^ 


Vibrational State 

j — I) fCalcJ X 10^ 

i 

Xl'ssi 

0-569 

8-723 

v '=2 

0*560 

8-389 


0-551 

8-074 


0*549 

9-927 


0*538 

0*577 


0-528 

^-408 
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THE SPIN COUPLING CONSTANT 


The constant A in the rotational energy function represents the magnetic 
coupling energy of the doublet II states and is equal to the separations of the 
double P, Q and R branches v^hen extrapolated to their origins. The value may 
be obtained graphically from the observed doublet separations. Alternatively, as 
done by Ishaq (1937), the rotational energy function may be simplified to the form 




B 


where [Fi (D-FgCj)] is approximately equal to the rotational term differeuces 
RiOl — QaO) or Q] (J) — I’aQ)- The values of A found foi various values of J for 
the three bands are shown in Tabic (7)' 


Taiu.k (7) : — Values of A (cms.“^) 


J 

-2872 

2916 j 

2963 



-139.7 

-1399 

2i 

-138.9 

-139.3 

-139.0 

3 J 

-T 3 Q.I 

-139.6 

-1397 

Ai 

-138-5 

- 138.9 

-139.1 

5 ^ 

-139.4 

i -140.3 

1 - 139.8 


-139.3 

; -139.2 

i -138.8 

7 i 

-138.9 

: -139.6 

1 -138.0 


-138.0 

' — 140.8 

j -1391 

Mean value 

~ 138.6 

1 -139-6 

-139.2 


Tahle (8) ; — Comparison of the values of A 


v \^ v" 

0 

I 

1 ^ 

0 

-139-s ! 

1 

. 

1 

! - 138.6 

— 

— 

2 

-139.1 

-139.6 

•— 

3 

— 

— 140.0 

-139.2 


It might be expected that the value of A, the factor representing the mag- 
netic coupling energy, varies with or depends upon the vibrational state of the 
molecule, particularly when there is a perturbation in any of the levels such as 
has been found in the Red CN band system for v '=6 and 7 by Jenkins, Roots and 
Mitlliken (1932). No such variation, however, can be definitely postulated from 
the above table and if it is real, it appears to be of relatively small magnitude. 
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VIBRATIONAL CONSTANTS 

An accurate estimate of the vibrational constants can be made only when the 
band origins or null lines are calculated. The wave-numbers vq of the null lines 
may be estimated as Johnston, Dawson and Walker (1933) have done for the OH 
bands, from the equation 

vo = Pi(i) + F"i*(i)-F'ifo) 
for the ®n| branches of the various bands where 

F"i*(K)=F"i(K)-F",(K-i) 
and F',{K) = B'(K+J)2 + D'(K + i)*. 

Table (9) gives the values thus obtained. The values for the (o, 0), (2, 0/ and 
{3, i) bands are calculated from Ishaq’s data. 


Table (9) : — Null lines of the branches of the OD bands 


v'lv" 

0 (26 

327 ) 1 (25j 

|44*2) 2 

0 

32542.3 

1 — 

1 

i 


2215.0 

1 

1 


I 

34757*3 


— 


2112.1 



2 

36869,4 

342367 

— 



2008 ,0 


2 

- 

36244.7 

33700.5 


The vibrational constants derived from the differences in Table (9) are 
"'# = 2319.1 to'' f = 2721.2 

=5175 =44-25 

The above values of w, give the mass ratio of the hydrogen isotopes as 


and 


(OD) 

(OH) 


= 0.7283 


a." :(OD) _ 
^ to", (OH) 


0.7286 


which agrees fairly with the value 0.7281 calculated directly from the isotopic 
masses by Aston (1935). 

A catalogue of all the observed lines is given in the following Table (10) which 
records the wave-numbers, visual estimates of the intensities and assignments of the 
lines, ascribed to the several branches of the three bands AA2872, 2916 and 2963. 
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Classification 

V 

(Vae) 

Int. 




2872 






®Rai 

Ri 

t>i 

Pi 

R, 

Q2 

Pi 

35001.6 

(0) 

12 

— 

— 

— 

— 

— 

1 ■ 

34997 'fi 

'0) 

II 

- 

-- 

— 

.JL. 

— 

— 

34993-3 

(o> 

10 

•- 

— 



— 

— 

34984,6 

(0) 

9 


— 



-- 

— 

34974.8 

ll) 

8 





— 

— 

34962-6 

(1) 

7 

—14 

— 

-- 

— 

— 

— 

34948.3 

(1) 

6 


— 

-- 


— 

— 

. 14931-4 

(1) 

5 

— 

— 

— 

— 

— 

— 

34912.6 

(1) 

4 

— 

— 

— 

— 

— 

- 

34892.3 

(I) 

3 

— 

— 

— 

~ 

— 


34871*3 

(1) 

2 

— 

— 

— 

— 

— 

— 

34847 9 

(o) 

I 

— 

- 

— 

— 

— 

- 

34811.2 

(10) 

— 

5,6 


— 

- 

— 

— 

34809.3 

(10) 


4 , 7 

1 

1 

— 


- 

34806.0 

( 3 ) 

— 

3 

— 

— 

— 

— 

— 

34804.6 

(3) 

— 

8 

— 

' 


— 

— 

34801.7 

(3) 

— 

2 

— 


— 

— 1 

— 

34798.3 

(3) 

— 

9 

— 

— 

— 

— 1 

— 

34795-9 

(3) 

— 

1 

— 

i 

— 

— 

' -i- 

34790.0 

4 ) 

— 

10 

-- 


— 


— 

34779-2 

4 ) 

— 

II 

— 

T 

— 

— ; 

*- 

34766.6 

4 ) 

— 

12 

— 

1 

— 



34760-7 

4 ) 

— 

— 

I 


— 

— 

~ 4 - 

34751-3 

( 3 ) 

— 

13 

— 

i- 

— 

— 


34749-1 

(s) 

— 

— 

a 

- ■ 

— 

— 

'< 4 u 

34741-4 

(3) 

— 

f 

— 

I 

— 

— 



' Af. G, "Scstry icttid tC, R. Rao 


(Vac) 

Int 

j Classification 



*872 

‘ 


Ri 

Qi 

R: 

Rj 

1 - 

pj 

.^739-8 



“ j 

— 

8 

— 

— 

J4?38-8 

<4) 

— 


— 

7> 9 

— 

— 

34736-7 

(5I 

— 

3 



— 

— 

34734 ■^> 

U) 

14 

— 

— 

6, 10 

— 


34727-0 

(5) 

— 

— 

— 

5, n 

•— 

— 

347*2.2 

16 ) 

— 

4 

— 

— 

— 

— 

34716.9 

(4) 

— 

— 

— 

4. 12 

— 

— 

34714.1 

(4) 

15 

— 

2 

' — 

— 

— 

34706.7 

(6) 

— 

5 


— 

— 

— 

34704-6 

U) 

— 

— 


13 

— 

— 

347oa*3 

(2) 

— 

— 

— 

3 

— 

— 

3469*-* 

(2) 

16 

— 

— 

— 

— : 

— 

34689.4 

iS) 

— 

6 


14 

— 

— 

34684.6 

(a) * 

— 

— 

3 

2 

— 

— 

34670.2 

(9) 

— 

7 

— 

— 

— 

— 

34665-4 

(3) 1 

17 

— 

— 

I 

— 

1 ““ 

34653.0 

(3) 

•— 

— 

4 

— 

— 


34648.7 

(8) 

— 

S 


— 

— 

— 

34637.3 

(3) 

18 

— 

— 

1 

— 

— 

34633-* 

(5) 

— 

— 

— 

— 

2»3 

— 

34629.7 

(4) 

— 

— 

— 


li4 

— 

34625.7; 

<5) 

— 

9 

— 

— 

— 

— 

346*3.3 

U) 

— 

— 

— 

— 

5 

— 

346*0.1 1 

<5^ 

— 

— 

5 

— 

— 

— 

34613-1; 

i (7) i - 

|— 

’ — 

— 

— 

6 

I 

34607.3 

U) 

19 


-- 

— 

— 

— 

34600-* 

(10) 

— 

10 

— 


7 

— 
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Classification 

fVae) 

Int. 

2S73 



1 Ri 

1 

Q. 

Pi 

i 

Qt 

Pi 

34598.8 

<i) 

— 

1 



1 _ 

i 

1 

2 , 

34585.5 

(8) 

— 

1 

1 

: 

1 

! 

i « 


34580.9 

(4) 

-- 

1 3 _ 

1 

1 

1 

i - 

“ 3 

34573-3 

(6) 

20 

11 


i _ 



■ 

34570.8 

(2) 

— 

— 

j 

1 

_ 

^ 

34586.7 

(5) 

— 

- __ 

j 

1 



Q 


34560.1 

(5) 

— 

' — 

i 

— 



4 ' 

34549-3 

<4) 

— 


1 

— 

— 

' • — 

34545 3 

(4) 

— 

— 

- 

— 

10 

• - — - 

34543-1 

f 4 ) 

— 

12 

i 

- 





- 

34538.2 

< 3 ) 

21 

- 


— 



— 

.34536-3 

'4) 


.. 



— 

5 

. 345 -' « 6 

(51 

__ 






34513 0 

(.) 1 


- 


_ 


— 

. 34511.2 

(.SI 1 

- 

13 : 

s 

— 

__ 


34509.1 

! 

— 

I 

i 

_ 

— 

6 

34.506,0 



1 



— 

1 

34503 2 

(3) 

— 

— 

— 

— 

— 

— 

34499-2 

‘3) 

22 

— 

— 

__ 

— 

— ' 

34495-1 

(6) 


— 

— 

— 

12 

— 

34479-6 

(5) 

— 

— 


— 

— 

7 

34476.9 

(5) 

— 

T 4 

— 

— 

— 


344709 

( 4 ) 

— 

— 

9 

— 

— 


34465.7. 

(8) 

— 

— 

— 


13 


34457-5 

(2) 

23 

— 

— ■ 

— 

— 


34446.^ 

(3) 

— 

— 


— * 

— 

S 
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(Vac) 


34440.8 

34434-5 

34429*3 

34424.9 

34423.2 
34413*3 
3441 1-4 

34402*3 

34400.3 

343SS-2 

34381-1 

34375*1 

34373*4 

34366.0 

34363*3 

34360.1 

34339.4 

34334.4 

34333.2 
34325*7 
34324*0 
34319*7 
34317*5 

34326.3 
342937 
34292*5 

34290.1 
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ivic) 

Int- 




Classification 




2872 


2916 


Qi 

Pi 

R2 

1 

Qj 

pj 

1 

Qi 

Pi 

34287.4 

(I) 



— 



1 

! 

1 

1 - 



'1 

34284.7 

( 7 ) 

— 


— 

— 

! _ 

j 

4.5 

— 


3428J.S 

(7) 

— 

— 

— 

— 

i 18 

1 

1 — 

3.6 



34279.2 

'3) 

— 

— 

— 

— 


- 

7 

— 



34278.3 

( 3 ) 

— 

— 

‘ — 

— 

— 

— 

2 

— 


34274-3 

< 3 ) 

— 

— 

, — 

— 

— 

— 

1,8 

— 


34271.6 

* 5 ) 

— 

X 9 


— 

— 

— 


i 


34267.1 

(3) 

— 

— 


— 

— 

— 

9 

— 


34262.2 

(2) 

— 

— 

— 

-- 

— 


— 

— 


34257-2 

(3) 

— 

— 


— 

— 


1 10 

— 

-M. 

34246-6 

(o', 

— 

— 


— 



— 


«... 

34244-7 

(4) 

— 

j 

1 


1 

— 1 

1 


11 j 

1 

_ 


34241-6 

(3) ! 


i 

X 4 

_ , 

1 

1 

1 

j 


1 

— 

34240.2 

(3) 

1 

1 

1 

- 1 


- 


^ 1 

-- 

34237-6 

(4) 1 

i 

— ! 

i 

I 

1 

--- 

— 

1 


34232.4 

(2) 1 

— 

— 

i 

-- 

j 

1 

— 

— 

... 



34229-8 

< 3 ; 

— 

— 

_ 1 

— 

! 

““ 1 


12 



34228.0 

(4) 

— 

— 

— 

— 

1 

1 

- 

- 

2 

— 

34223.2 

(7) 

— 

20 

— 

— 

j 

— 


— 

I 

349x5.3 

(6) 

- 

— 

— 

— 

i 

j 

— 

— 

3 

— 

342 X 2-4 

(2) 

- 

— 

— 

— 

j 

— 

13 

— 

— 
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Classification 


(Vac) Int. 


2 

872 





29x6 




Qi 

Pi 

R, 

Qi 

Pi 

Ri 

Qi 

Pi 

Ri 

Qi 

Pi 

34209.0 (5) — 

' 

— 

— 



— 

1 

— 

7,8 

— 

— 

34205.9 (5) — 

— 

— 

— 

~ 


— 


— 

6.9 

— 

— 

34199.3 (7' — 

— 

— 

— 

— ; 

i ■" 

— 

4 

— 

5. 10 

— 

— 

34197.5 (2) — 

— 

— 

— 

— , 

14 

— 

— 

— 

— 

— 


34194.8 (2) — 

— 

-- 

1 

— 

— 

- 



2 

— 1 

— 

— 

34193.3 - 

— 

~ 

— 

- 



— 

— 

i 


— 

34190.3 (9) 

— 

15 



20 

— 

— 

— 

— 1 

4 i ” 


— 

34184.4 (6) — 

— 

— 

— j 


— 

— 

5 

— 1 

— 

— 

__ 

34179.5 (a) - 

— 

- 

-- 

— 

— 

— 

— 

— 

3 

— 

— 

34176.7 (2) 

34172.7 (41 — 

21 

— 



— 

— 


— 


*■ ■ 

! 

...... 

34J70.S (3) - 


! — 

— 

- 

— 

15 

— 

— 

— 

— 


34166.4 (4) — 


- 

! 

— 

— 

— 

6 

— 

.... 

— 


34165.4 (4) — 

— 


— 

- 

- 

- 

— 

3 


1 


34161.9 (2) .— 

1 

-- 

- 

- 


— 

— 

/ 

~ 

2 

1 

— 

1 

34146.7 (q) — 


— 

- 

1 

15 

— 

7 

i 

— 

1 


341457 (9) - 



- 

- 

— 

16 

-- 


— 

— 

— 

34140.9 (s) — 


— i 


21 

— 

— 

— 

— 

— 

— 

— 

34135.* (3) — 


16 

— 

— 

— 

— 

— 

— 

— 

— 


34133-9 ( 3 ) — 

— 


— 

— 

— 

““ 

— 

4 

— 

— 

— 

34127.1 (3) — 

— 

— 

- 

~ 


— 

— 

— 

— 

— 

— 

34124.3 (4) — 

— 

— 

- 

— 

- 

•— 

8 

— 

— 

— 

— 

34121.8 (0) — 

— 

— 

— 

— 

— 

— 

— 


— 

— 

— 

34119.3 f4) — 

22 

— 

— 

— 

— 


— 

— 

— 

— 

— 

34118 I (3) — 

— 

— 

— 

— 

— 

17 

— 

— 

— 

— ' 

— 

M 

M 

M 

0^ 

1 



— 

— 

— 

— 

— 

— 

— 

— 

— 

34111.4 {5) — 

— 

— 

— 


— 

— 

— 

— i 

— 

a, 3 

— 

34107.5 (4) — 

— 

— 

— 

— 

— 

— 

— 



1/4 

— 
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Classification 

y 

(Vac) 

Int. 



2872 





2 QI 

5 





Ri ^ 

Qi 

I’l 

1 

Ra j 

i 

Qz I 


Ri 

Qi 

Pi 

Ra 

Q2 

Pa 

341036 

(3) 

— 

{ 



— 

— 

- 

— 

— 



— 

3^100.3 

( 9 ) 

— 

1 


- 

— 



9 

5 


5 

— 

34094.8 

( 3 ) 

— 

— 

— 

— 


16 



— 



I 

340S9.1 

(lo) 

— 

— 

- 

— 


~ 

18 


— 


6 

— 

34<?83 7 

(2) 


— 

— 


— 






“ 

— 

- - 

34078.6 

( 4 ) 

— 

“ 

17 

— 

* 


— 

— 

— 



2 

34076.1 

(3) 

— 

— 


— 

T 

- 


-• 

— 

_ 


— 

34074.0 

(3) 


_ 



- 

— 


10 

— 


— 

-- 

34066.6 

4 ) 

_ 

... 

- 

— 

— 


— 

~ 

6 

— 


— 

34063.4 

(4) 


23 



— 


— 

— 


— 



— 

34060.1 

<6) 




- 

— 

— 

— 

— 

— 


8 

3 

34054.5 

(3) 


— 



— 

— 




— 

— 

— 

340485 

(2) 


— 

— 


— 

•— 

— 




' 

— 

34045-4 

(5) 


1 

— 


i 

““ j 

— 


- 

— 


— 

34041.6 

(0) 

j 

1 

— 



— 

1 j 

' — 1 

— 

_ 



— 

34040 0 

• 9 ) 


— 

— 

— 

- 

1 

17 

— 

! 


— 

1 9 

1 

4 

340337 

(4) 

— 

— 

— 

— 

23 

- 


— 




— 

34030.1 

(3' 

- 

— 

-- 

— 


— 


— 

7 


- 

— 

34020.7 

(3) 


— 


-• 

! — 

— 


-- 

- 

’ — 

- 

— 

34018.4 

* 5 ) 


-- 

— 

- 

- 

- 


I — 


- 

10 


34016.2 

(2) 

— 

— 

— 

— 

- 

— 

- 

— 

— 

- 


5 

34014.8 

(3) 

— 

— 

- 

— 

- 

_ 1 

— 

12 

— 

— 

— 

— 

34005.2 

<5) 

— 

*4 


— 

— 1 


— ' 

— 

— 

— 


, — 

33993.8 

(4) 

— 

-- 

— 

— 

— 

— 

— 

— 

— 

— 

11 

— 

3399 a -2 

( 4 ) 

— 

— 

— 

— 

— 

— 

— 

— 

8 

“ 


— 

33989.3 

(4) 

— 

— 

— 

— 

— 

— 

— 

— 

— 

i 

— 

6 

33983-1 

(3) 


— 

— 

— 

— 

18 

— 

— 

— 

i 

— 

— 

33981.9 

(8i 

— 

— 

— 

— 

— 

— 

a:._ 

13 

— 

1 

l-_ 

— 
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(Vac) Int. 





- - 

Classification 







28: 

72 



2916 




Ri 

1 

Pi 

Rj 

Qt 

pj 

Ri 

' Qi 

Pi 

Rj 

Qt 

Pi 

33979-1 (») 


— 

! 

— 

— 

— 

! 

— 

— 

— 

— 


33976-2 (5) 


— 

1 — 

— 

24 



— 

— 

— 

-- 


33967-7 (0; 

— 

— 

— 

^ — 

— 

— 

i — 

— 

— 

— 

— 

— 

33965-9 (S) 

— 

— 

— 

— 

— 

— 

— 


— 

— 

12' 

— 

33959-8 (6) 

— 

— 


1 

— 

— - 

— 

— 

— 

-- 

— 

7 

33952-9 (3) 

— 

— 

— 

— 

— 

— 

— 

— 

9 

— 

— 

— 

33949-0 (a) 

— 

— 

— 

— 






— 

— 

— 

33946.1 (4) 

— 

— 

— 

— 

— 


— 

14 

-- 

— 

— 

— 

33944-6 ( 4 ) 

— 

25 

— 

— 

— 


— 

— 

— 

— 

— 

- 

33937-5 (2) 

— 

— 

— 


-• 


— 

— 

— 

— 

— ■ 

~ 

33935-5 (5) 

— 

— 

— 

— 


— 

— 

— 

— 

— 

13 

— 

33927-5 (2) 

— 

— 

— 

— 


— 


— 

— 

— 

-• 

— 

33926.4 (3) 

— 

‘ — 

— 

— 

— 


— , 



— 

— 

8 

33923-5 ( 3 J 

— 

— 

— 


— 

19 


— 


— 

— 

— 

33910.7 (1) 

— 

— 

__ 1 

““ 

— 

_ 1 

— 

— 

— 

— 

— 

— 

33918.2 (0) 

— ; 

1 


— 

— 


— 

— 

— 

— 

— 

- 

339 * 5-7 (4) 

— 

- 

1 

— 

1 

25 i 

i 

1 

j 

— 

— 

— 

— 

— 

-r 

33909.7 (2) 

— 

— 


— 

— 

i 

1 

- 

— 

10 

— 

““ 

— 

33908.4 <s) 

-- 

— 

- 

— 

— 

- 

— 

15 

— 

— 


— 

33902.7 (4) 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

14 

— 

33897-3 (3) 

— 

— ■ 

20 

— 

— - 

.. 

— 

- 

— 

— 

— 

— 

33892.6 (i) 

— 

— 

— 


— 

— 

... 

— 

— 


— 


338908 (5) 

— 

— 

— 

— 

— 


— 

— ' 

— 

— 

— 

9 

33880.6 (4) 

— 

26 

— 

— 





— 

— 


— 

33877-2 <a) 

— 

— 

— 

— 


— 

— 


— 




33867-5 (8) 

— 


— 

— 


— 

— 

16 

— 



— 

33865.4 (4) 

— 

~ 

— 

— 


— 

— 

— 

II 


— 

— 

33862-7 <3) 

— 


— ' 


- 

20 


— ’ 

— 

— 

.1 

-r-' 
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Classifiration 






p 

iVac) 

Int. 



2872 





2916 





Ri 

Qi 

Pi 

Ri 

g* 

pj 


Qi 

Pi 

R, 

Qi 

P» 

33859-3 

(i) 

-- 

- 

— 

— 

— 


— 

— 


_ 

— 

— 

33852-9 

(8) 

— 

— 

* 

- 

26 


— 




— 

10 

33848.6 

(2) 

— 

~ 

... 

— 


-* 


— 



— 

— 

3845,2 

(1) 

-- 

-- 


— 

— 

— 

— 

” 


— 

— 

— 

33832-1 

< 5 ) 

— 

- 

21 

— 



-- 



’ 


— 

33828.6 

i.O 


— 

- 

- 


— 

— 

— 



16 

— 

33825-2 

' 5 ) 


— 

- 

— 



— 

17 

— 

— 

— 

— 

33818-8 

<s) 


— 

... 


- 

- 

— 

— 

12 


— 

— 

33814-2 

is) 

— 

27 

— 

— 

— 


— 

— 

— 

— 

— 

— 

33812.1 

(5) 

— 

1 

— 

— 

— 

— 


— 

— 

— 

— 

11 

33800.5 

<3) 

— 

1 1 

— 

— 

— 

— 

— 

— 


— 

— 

— 

33798-2 

(3) 

— 

' — 

— 

— 

i 

21 


— 

— 

— 

— 

— 

33794-7 

(i) 

— 

— 

— 

" 

— 

— 

— 

- 

— 

— 

— 

— 

33789-7 

I0) 

— 

1 _ 


— 

— 

— 

— 

— 



— 

— 

33787-6 

<6) 

— 


— 


27 

1 

— 

— 

— 

— 

17 

— 

33779-9 

( 4 ) 

— 

— 

— 

— 

— 

1 

— 

18 

! 

— 

— 

— 

33773-3 

(ii 

— 1 

— 

— 

— 

— 


— 


— 

— 

— 

— 

33769-9 

f 3 ) 

— 

— 

- 

— 

— 

! 

— 

— 

13 

— 

— 


33768.8 

(3) 

— 

— 

— • 

— 

— 

1 

— 

1 


-- 1 


12 

33765-2 

(2) 

— 

— 

22 

— 

-* 


— 

— 

— 

— 


— 

33761-8 

(1) 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 


— 

33758-8 

(0) 

— 

— 

— 

— 

— 

-* 


— 

— 

— 

— 


33745-4 

(3) 

— 

a 

— 

— 

_ i 

— 

— 

— 


— 

i 

— 
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Classification 






V 

(Vac) 

Int. 


2872 



2916 


i 


2963 





Qi 

Pi 

Q* 

p* 

<->1 

Pi 

1 

1 

Ki 

Qi 

Pi 

R, 

Qi 

Pi 

33637-8 

fi) 

— 

— 



— 


— 

- 


- 



~ 

- 

33639-3 

(2) 


— 

— , 

- 

— 

— 

— 



_ 

3 

— 




33627.9 

(6) 


— 

- 

— 

21 

— 


— 

— 

6 

— 

— 

— 

- 

33623.2 

(7) 


24 

— 

- 


— 

— 




— 

2 

- 

— 

33611.4 

( 4 ) 

— 

— 

— 


— 

16 


— 


— 

— 

— 

— 

— 

33606.8 

(4. 



— 

— 

_ _ 


— 

- 

— 

7 

— 

I 

— 

— 

33590-0 

(5) 

30 

— 

— ' 

— 


— 

— 


— 

— 

4 

— 

— 

— 

33595-9 

(4) 


- 

— 

— 


— 

21 




— 


— 

— 

33592*2 

U ) 


— 

- 

24 



— 



— 

— 

- 

— 


33588.6 

(0) 

— 

— 





“ 





... 

— 

- 

33583-9 

( 6 ) 


- 




- 


_ 


- 

8 




■— 

— 

33 '^73 8 

fot 

— 


30 


- 


__ 


— 

— 



3 

— 

33572-3 

(.3) 

■ 

- 

... 

— - 

22 ! 



— 

- 

- 



2 

- 

33 S 70 -S 

f 3 ) ! 

- 


— 

! i 

- i 

1 1 




16 1 

— 

— 

— 

— 

I 

— 

33.568.9 

(3) 

1 


— 


i - 

1 



— 

— 


— 


4 

! _ 

j 

3.3566.1 

^ 3 ) 

! 

- 

i 

1 - 


i 

1 1 

1 

1 - ' 

! 

5 


j — 

1 

33563.1 


— 


1 

i - 

i 

i - 
i 

1 

1 

1 

1 

1 


— 

-- 

— 

j — 

i 

1 

33560.7 

(4) 

— 

— 

1 

1 ' 1 

1 

i 

1 1 

— 

i 

1 “ 

1 

I 

1 

1 

i 

1 

— 

— 

5 

— 

33558-9 

w) 

-- 

— 


, 1 

1 - 


1 — 

1 

! 


i _ 

i 

i 9 

— 

— 

— 

— 

33554 -a 

(5) 

- 

-- 

— 

i ““ 

— 

i 

— 

— 

1 

1 


-- 


““ 

I 

33549-6 

(7) 

— 

25 


I 


— 

— 

— 

1 

1 

- 

— 

— 

6 

— 

33541-3 

(6) 

1 

— 



— 

— 

22 




— 

— 



33535-6 

(5) 

- 

-- 

— 

-■ 1 

— 

— 


— 



' — 


— 

7 

' — 

33533-6 

(00) 



— 

— 

— 

— 

~ 

— 

— 

- 

— 



' 

33531-3 

(7) 

— 

— 

— ' 

— 

— 


1 

- 

— 

10 

6 

— 

[ 


33525-7 

(1) 

— 

- 

— 

1 

— 

— 

— 

— 

' — 

— 

•— 

— 

— 

— 

335*4-3 

(3) 


— 

, — 

— 

— 

— 

— 


— , 

1 

— 

— 

— 

3 

335*1-7 

(3) 

1 

31 

— 

— 

— 

— 

— 

1 

1 

— 

— 

— 
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(Vac) 


335»8£ 

33514.9 
33503.7 

33501.3 

33497.6 

33494.7 

33484.0 

33480.0 

33474.5 

33469.6 

33463.3 

33456.3 

33453-3 

334486 

33443.3 

33441.9 

33435.0 

33433.1 

33433.5 

33430.* 

33417.5 

33416.4 

33397.9 

33395.3 

33390.1 

33388.6 

33373.6 

33367.8 


Classification 


Int 


2872 



9916 




. 3963 




Qi 

Pi 

Q> 

Pi 

Qi 

Pi 

Qi 

P| 

Ri 

Qi 

Pi 

Ir, 

1 

Qi 

p| 

(6) 

I 

— 

- 

25 

— 


— 

— 

— 

— 

— 

— 

8 

— 

(5) 

— 

— 

— 

- 

23 

— 

— 

17 

— 

— 

— 

— 

— 

— 

<3) 

— 

— 

— 


• 

— 

— 

— 

— 

— 

> 


— 

4 

(3) 

— 

— 

— 

— 

— 

— 

— 


— 

IX 

— 


— 

— 

fs) 

— 

-- 

31 

— 

— 

— 

— 

— 

— 

— 

— 

— 

9 

— 

<4) 


— 

— 

— 

— 

18 

— 

— 

— 

— 

7 

— 

— 

— 

(3) 

— 

— 

— 

-- 

— 

— 

23 

— 

— 

— 


— 

- 


(3) 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

5 

(4) 

— 

26 

— 

— 

— 

— 

— 

— 

— 


— 

— 

10 


(3) 

— 


— 

— 

— 

— 

— 

— 


12 

— 

— 

— 


(O) 

— 

— 

— 

- 


— 



— 

— 

— 

— 

— 1 

— ^ 

— 

(6) 


— 

— 

— 


— 

— 

18 

— 

— 

8 

• 

— 

— 

— 

(5) 

— 

— 



24 

— 

— 

— 

— 

— 

— 

— 


6 

(3> 

— 


— 


i 

— 

— 

— 

— 

— 

— 

— 

II 

— 

(3) 

— 

— 


26 I 

— 

— 

- 

— 

— 

— 



- 

— 

(3) 

32 

— 


- 

— 

— 

— 

- 

— 

' 

— 

- 

- 


<3) 

— 

— 

— 

— 

— 

— 

— 

— 

— 


— 

— 

— 

— 

(3) 

— 

— 

— 

— 

— 

19 

— 

— 

— 

— 

— 

— 

— 

— 

(6) 

— 

— 

— 

— 

— 

— 

24 

— 

— 

— 


— 

— 

7 

<3) 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

12 

— 

(3) 

— 

— 

32 

— 

— 

— 

— 

— 

— 

— 

— 

— 

- 


(3) 

— 

— 

— 

— 

— 

— 

— 


— 

— 

9 

— 

— 

— 

<3) 

— 

27 

- 

— 

— 

— 

— 

— 

— 

14 

— 

— 

-- 


(s> 

— 

— 

— 

— 

— 

— 

— 

19 

— 

— 

— 

— 

— 


:s) 

— 

— 

— 

— 

— 

— 

— 

— 

— 



- 

23 

8 

(3) 

— 

— 

— 

— 

25 

— 

— 

— 

— 

— 


— 


— 

C3) 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

20 

— 

— 

— 

' (4) 

— 

— 

1 

— 

— 

I20 

— 

— 

— 


— 

— 

— 

— 
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¥ 

(Vac) 

Int. 

Classification 

2872 

2916 

2963 

Qi 

Pi 

Qi 

Pi 

Qi 

Pi 

Qi 

P2 

Ri 

Qi| 

Pi 

R, 

Qi 

P2 

33365.2 

(4» 

- 


- 


- 


- 

- 

- 

- 

- 

~ 

— 

— 

333^r.o 








25 

- 

- 

— 

— 

— 

— 

— 

33358.4 

f4) 

33 

— 

— 

V 

— 

— 

— 

- 

— 

15 

— 

— 

14 

— 

33353-8 

'St 


— 

- 

t” 

- 

~ 

~ 

— 

— 


— 

— 

— 

9 

33334-9 

(3) 

- 

- 

33 


— 

- 

— 

- 


“ 


— 

— 


33332. > 

(2) 

- 


- 

*r- 

- 

- 


20 

— 

- 

— 


— 

— 

33328.4 

12^ 

~ 

- 

- 


— 

- 

— 

- 

— 

- 

11 

— 

— 

— 

33323.3 

(2) 

- 

- 

— 

— 

— 

— 

— 

— 

— 

- 

— 

— 

15 

— 

33316-4 

<5) 

— 

- 

- 

- 

— 

— 

— 

- 

— 

16 

— 

— 

— 

— 

333'4.8 

(2) 

- 

- 

- 

— 


- 

- 

— 

— 

— 


— 


10 

33301.6 

(3) 

- 

- 

— 

- 

— 

21 

— 

- 

— 

- 


— 

— 

— 

3339S-I 

(2) 

- 

- 

- 

- 

— 

— 

26 

- 

— 

- 

— 

— 

— 


333S5.0 

(2) 


- 

- 

28 

— 

— 

— 


— 

- 

— 

— 

— 

— 

33281.1 

(2) 

— 

- 

— 

- 

— 


“ 

- 

— 

- 

12 

— 

— 

— 

332747 

(2) 

- 

— 

- 

- 

— 

— 

- 

- 

— 

- 

— 

— 

— 

11 

33273.5 

(2) 

34 

- 


- 

- 

- 

— 

- 

_ 

- 

_ 

— 

— 

— 

33271 7 

\2) 

- 


— 

— : 

— 

- 

— 

- 

- 

17 

— 

— 

— 

— 

33266.8 

U) 


- 

- 

- 

— 

- 

— 

21 

— 

“ 

— 

— 

— 

— 

33254.1 

(2f 

— 


- 

- 

- 

- 

- 

- 

— 

- 

— 


— 

— 

33249.1 

(3^ 

- 

- 

34 

- 

- i 

- 

- 

- 1 

— 


— 

~ 

— 

— 

33232.4 

(4) 

— 

- 

- 

- 

1 

22 


~ i 

— 

- 

13 

— 


— 

33230.9 

<3^ 



- 

- 

— 

- 

— 

- 

— 

- 

— 

— 

— 

12 

33327.0 

(2) 

- 

- 

- 

- 

- 

- 

37 

- 

— 

1 

1 

- 

— 

— 

— 

33224.4 

<01 

— 

- 

- 

- 

- 

- 

— 

- 

— 

18 

— 

— 

— 

— 

33202.0 

'.2) 

— 

— 

- 

29 


- 

— 

— 

— 

- 

— 

— 

— 

— 

33198.7 

(2) 


— 

- 

— 

— 

— 

- 

22 

— 

- 

— 

— 

i 

— 

33286,7 

lo) 

— 


- 

— 

— 

- 

- 

- 

— 

- 

— 

— 

— 


33183.6 

<4) 

— 

- 

- 

— 

— 

— 

— 

— 

— 

1 

— 

— 


13 


7 
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Classification 


(V«c) 

lilt. 

2872 

2916 



*983 





L>i 

I’l 

Q2 

r2 

Qi 

1 

Q » 


Ri 

Q. 

Pi 

R, 

Qj 

Pa 

33180.6 

(2) 

— 

- 

1 

— 

— 

— 

— 

~ 

— 

- 

14 

— 

— 


3 .P 73.1 

(0) 

— 

— 

~ 

- 

— 

— 


— 

— 

— 

— 

- 

— 

— 

33161.0 

(4) 


— 

35 

- 

— 

23 

- 

- 

— 

— 

— 

- 

— 


33154-8 

U' 

-- 

— 

— 


- 

- 

— 

— 

— 

— 


- 

— 

— 

33145.1 

(3) 

— 

— 

— 

— 

— 

- 


- 

- 

— 

- 

— 

— 

— 

33137.5 

(o' 

— 

— 

— 

— 

— 

— 

— 

— 

— 


- 

— 

— 

— 

33134.4 

(2) 

— 

— 

— 

- 

— 

— 

— 

— 

— 

- 

— 


— 

14 

331*8.4 

(2) 

- 

— 

- 

— 


— 

— 

23 

— 

— 


— 


— 

33126.2 

11) 

— 

— 

— 

... 

— 

— 

— 

- 

— 

— 

15 

— 

— 


33121.8 

(0) 

— 

— 

— 

— 


~ 

— 

— 

— 


— 


~ 

— 

33117.0 

(2) 

— 

— 

— 

30 

— 

— 

— 

-- 


- 

— 


— 


33107.0 

(0) 

- 

- 

- 

- 



— 

- 


-- 

-- 

— 

— 

— 

33091.4 

(2) 


— 


— 

— 




— 

— 

-- 


— 

— 

33087.7 

(2) 

— 

— 

— 

— 

__ 

24 



— 

— 


— 



33083.3 

U) 

— 

— 

— 

— 


— 

— 


— 

— 

— 



15 

33080,6 

(0) 

— 

— 

— 



— 

— 


— 



— 

— 

— 

33070.8 

(I) 

— 

— 

— 


_ 

— 


— 


- 

16 

— 

— 

— 

33068.7 

(2) 

— 

— 

— 

- 

— 

— 

— 

-- 

— 


— 

— 

— 

— 

33056.5 

(2) 

— 

— 

— 

— 

— 

— 

— 

24 



— 

— 

— 

— 


33028.9 

12) 

— 

— 

— 

31 

_ 

— 

— 

— 

— 


— 

— 

— 

16 

33018.3 

(0) 

— 

— 

— 

— 

— 

— 


— 


— 

— 


— 



33 on .9 

(2) 

— 

— 

— 

— 

— 

25 

— 

— 

— 

— 

17 

— 



33003.1 

(I) 

— 

— 

— 



— 


— 

- 






— 

... 

32996.3 

fl) 

— 

— 

— 


— 

— 











32980.6 

(2) 

— 

— 


— 

— 

— 

— 

25 

— 

-- 


— 

— 

— 

32974-0 

(2) 


— 

— 

— 

— 


— 

— 



— 

— 

— 


32971.4 

fl) 

— 

— 

— 

— 

— 

— 


— 



— 

— 

— . 

— 

17 

32966.7 

(2) 

" 

— 

— 

— 


— 

— 

— 

— 

— 

- 

— 

— 
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Classification 


(Vac) 

Int. 

2872 


2916 

1 

j 



2963 



Qi 

1^1 

Q» 

Ps 

Qi 

Pi 

Qj 

1 1 

|P*| 

1 P-i 

! i 

Qi 

Pi 

R2 

Qi 

Pj 

3 « 95 i 


— 

— 

— 


- - ; 

— 

— 

— 

— 

— 

18 

— 

— 

— 

339392 

(2) 

— 

— 

— 

33 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

33933.7 

(I) 

— 

— 

— 

fr- 

— 

26 

! 

— 

— 

— 

— 

— 

— 


339035 

(a) 

— 

— 

— 

/ 

- 



26 

- 

1 

— 

— 

— 

— 

32898.4 

(0) 

— 


- 

r 

— 

— 

— 

— 

* 


— 

— 

— 

— 


f 

SlJMlfAR Y 

Bands due to the OD molecule have been obtained free from any trace of the 
OH bands by photographing discharges through vapour of heavy water of a very 
high degree of purity. Measurements on the plate between A2800 and A3060 have 
led to the rotational structure of the (i, o), (2, i) and (3, 2) bands. 

Using Hill and Van Vleck’s energy formula for the doublet electronic states, 
the rotational constants have been evaluated. 

The calculated positions of the null lines have enabled the determination of 
the vibrational constants of the OD molecule and the mass ratio of the hydrogen 
isotopes. 

The authors desire to express their very grateful thanks to Prof. A. Fowler, 
F.R S., for his kind interest and encouragement, 
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Plaie II 

ABSTRICT. It is shown that the presfnee of Mercury vapour in tl:c discharge tube 
brings about a marked change in the relative Intensity distribution of the continuous spectiuin 
of Hydrogen, as excited by canal rays of hydftogen, in the observation chamber of a canal ray 
tube in its simple form. 1'be effect is found to be more pronounced at higher operating voltages 
than at low. The bearing of this result on the knowm observations on the exc itation of the 
continuous spectrum by canal rays is pointed out ; finally there is given a discussion of the 
possible explanations fcir the change brought about by the presence of mercury vapour. 


INTRODUCTION 

§ I. There is a certain aniomit of evidencef to show that the continuous spec- 
trum of Hydrogen, observed with the canal rays of Hydrogen, is in main identical 
with that obtained in the Geisslcr tube and is due to the excitation of the station- 
ary molecules of Hydrogen by impact with the canal ray particles. The origin of 
the continuous spectrum in the Gcissler lube has been generally ascribed to Ha 
and according to the theory of Winans and Stueckclberg’ is emitted as a result of 
a transition between the is(r, 2i-<r : “S,, and iso-, 2pir : states of the molecule. 

There appears to be a small but definite difference in the relative intensity distri- 
bution of the continuous spectrum as obtained with the canal rays and in the 
Geissler tube. The intensity in the region AasooA in the case of the latter is 
much more accentuated than in the former. Another important findingf in the 
same connection is that this intensity distribution is independent of the energy of 
the exciting canal rays. The effect of Mercury vapour on the intensity distribu- 
tion of the continuous spectrum obtained with the canal rays possesses a certain 
amount of interest on account of the fact that it is the foreign gas most likely to 

• Communicated by the Indian Physical Society. 

i Vide : A paper by the author '' On the continuous spectrum of Hydrogen as excited 
by canal rays of Hydrogen ” published elsewhere. This will be referred to as (1) in this paper. 
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Plate li 

% 

ABBTRICT. It is shown (hat the presence^ of Mercury vapour in the discharge tube 
brings about a marked change in the relative inteiisity distribution of the continuous spectrum 
of Hydrogen, as excited by canal rays of hydrogen, in the observation chamber of a canal ray 
tube in its simple form. The effect is found to be more pronounced at higher operating voltages 
than at low. The bearing of this result on the known observations on the excitation of the 
continuous .spectrum by canal rays is pointed out ; finally there is given a discussion of the 
possible explanations for the change brought about by the presence of mercury vapour. 


INTRODUCTION 

§ 1 . There is a certain amount of evidencef to show that the continuous spec- 
trum of Hydrogeu, observed with the canal rays of Hydrogen, is in main identical 
with that obtained in the Geissler tube and is due to the excitation of the station- 
ary molecules of Hydrogen by impact with the canal ray particles. The origin of 
the continuous spectrum in the Geissler tube has been generally ascribed to Ha 
and according to the theory of Winans and Stueckclberg' is emitted as a result of 
a transition between the is<r, ascr ; and 2pa- ; ’S* states of the molecule. 
There appears to be a small but definite difference in the relative intensity distri- 
bution of the continuous spectrum as obtained with the canal rays and in the 
Geissler tube. The intensity in the region A2500A in the case of the latter is 
much more accentuated than in the former. Another important findingf in the 
same connection is that this intensity distribution is independent of the energy of 
the exciting canal rays. The effect of Mercury vapour on the intensity distribu- 
tion of the continuous spectrum obtained with the canal rays possesses a certain 
amount of interest on account of the fact that it is the foreign gas most likely to 

* Communicated by the Indian Physical Society. 

+ Vide : A paper by the author “ On the continuous spectrum of Hydrogen as excited 
by rays of Hydro^n ’’ published elsewhere. This will be referred to as iI) in this paper. 
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be present in the discharge space at the low pressures that obtain in the canal ray- 
tube, unless specific precautions are taken to eliminate it. There is, therefore, the 
possibility that many of the apparently contradictory results obtained by different 
workers may in fact be due to the difference in the efficiencies of the experimental 
arrangements in preventing the diffusion of Mercury vapour into the discharge 
space. To quote a specific example, it is still obscure under what conditions the 
continuous spectrum in the canal rays observed by Stark * is obtained. It is, there- 
fore, necessary to know the nature and the order of magnitude of the alterations 
produced in the intensity distribution of the continuous spectrum of Hydrogen by 
the presence of Mercury vapour for a satisfactory elucidation of the results ob- 
tained on its intensity distribution. The resonance line A2537 of the Mercury 
atom has got an excitation energy which nearly equals the dissociation energy of 
the Hydrogen molecule ; so that on general grounds we expect a weakening of the 
continuous spectrum as a whole relative to the Balmer lines as a result of the 
admixturefwith Mercury vapour. The minimum excitation potential of the conti- 
nuous spectrum has been determined by Finkeinburg and Weizel * as 11.84 and the 
maximum as 13.8 volts. The excitation function of the continuum is, therefore, 
very narrow and sharply defined. The ionisation potential of Mercury atom* 
being less than this, the possibility of a change in the intensity distribution on 
account of collisions of the second kind is not probable. This does not, however, 
exclude the possibility of collisions of this type, involving Mercury atoms in stages 
of ionisation, higher than the second. An interaction involving molecules of 
V Mercury 'Jmay be practically excluded both on account of the smaller available 
energy and the low probability for their occurrence at the pressures that obtain in 
the canal ray tube. It is well known that remarkable changes occur in the spectra 
of both atoms and molecules in the presence of foreign gases, resulting sometimes 
either in a general enhancement or reduction of intensity among lines and bands 
and sometimes in the production of lines and bauds which under ordinary condi- 
tions are either absent or very weak. That fundamental changes in the intensity 
distribution of the continuous spectrum, obtained as a result of the addition of a 
foreign gas, are shown in a remarkable manner by the experiments of Smith.* 

In these exi)enments, I have adopted the same plan of investigation as 
reported in (I). A study was made of the variation in the relative intensity distri- 
bution of the continuous spectrum, in the presence of Mercury vapour, with the 
energy of the exciting canal rays ; it w'as this aspect of the problem that had an 
immediate and a direct interest for the investigations described in (I). 

experimental 

§2. The experimental arrangement used for this investigation is the same 
as that described in (I) except for the discharge tube and the connections in its 
neighbourhood. It was not necessary here, to have the elaborate system of liquid- 
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air traps used in (I). For the sake of completeness, a brief description may be 
given of the experimental arrangement. The discharge tube was 3.5 cms, in 
diameter, with a cathode of moulded Aluminium 2.0 cms. in length provided with 
a canal 0.2 cms. in diameter. The anode which was of Aluminium was fixed in a 
side tube at a distance of about 16 cms. from the Cathode. Evacuation was ob- 
tained by means of a set of Mercury diffusion pumps of the Waran type backed by 
a Cenco Hyvac Oil pump, Eiquid-air traps were used for preventing the diffusion 
of Mercury vapour from the pumps and manometers into the discharge tube. 
The gas Hydrogen was obtained electrolyticsdly and was purified by passing over 
heated Magnesium and Copper filings. The, method of gas-streaming was used. 
The H. T. was a half-wave rectified D. C. <^tained from a transformer coupled 
with a Kenetron circuit. The anode was^ connected to the H. T., the cathode 
being earthed through a milliammeler. The spectra were taken with a small 
Hilger Quartz spectrograph, a cylindrical leftis being used for focussing the image 
of the canal rays on the slit of the spectrograph. The observations given below 
were taken. A select number of these spectra were run on a recording Zeiss 
micro-photometer ; the more important of the micro-photometer curves are shown 
in figs. (2-5). 

For the purposes of the present investigation, it was not necessary to follow 
the absolute intensity distribution in the continuous spectra obtained under the 
different conditions. It was sufficient if differences in the relative intensities could 
be distinguished at any given point on the spectrum (compare : Finkelnburg^). 
So long, therefore, as the exposures were within the limit of saturation of the plate, 
which condition was kept true in these experiments, the density at any point 
became a measure of the intensity. 

The experimental observations arc the following : On PI. 4, canal ray 
spectra were taken with canal ray energy of 4, 6, 8, 10 kV. respectively with a dis- 
charge current of 2.0 m.a. and a time of exposure of 2.5 hours. On PI. 6 , the first 
four observations give the canal ray spectra, for energies 4, 2, 8, 6 kV. with times 
of exposure of 3, 4, 2.5, 3.5 hours respectively with a discharge current of 2.0 m.a. 
The sixth observation again is a canal ray spectrum obtained with i.o kV. across 
the discharge tube and a time of exposure of 5 hours for a discharge current of 
2.0 m.a. Observations 5, 7, 8, 9 give the Geissler tube spectra obtained under the 
same conditions (c/. 1 ) for a discharge voltage of i.o kV. and a current of 0.5 m.a. 
with times of exposure of 0.5, i, 2, 3 minutes respectively. PI. 8 depicts the 
canal ray spectrum for operating voltages of 3, 2, 1.3 kV., with a discharge cur- 
rent of 2.0 m.a. exposed for 4, 4, 1/3 hours respectively. 


RESULTS AND DISCUSSION 

§3. Results and Discussion. In the spectra given herewith, the general 
^bsorptioct (due variously to the material of the spectrograph, air, the photo- 
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graphic emulsion) begins at about A2300I. The intensity distribution in 
the micro-photometer plates can be considered to be reliable only up to this 
limit. The diminution in the intensity of the continuous spectrum as a 

whole is well demonstrated by the order of magnitude of the times of 

exposure required for obtaining the spectra in the case of Hydrogen and in 
case where mercury is also present. In the former, exposures of the order 
of one hour sufficed fc/. I), whereas four to five hours were required for 
obtaining spectra of the same intensity in the latter case. It has been mentioned 
already that the atomic spectrum is expected to be relatively enhanced with 

respect to the molecular spectrum on account of the presence of Mercury vapour. 

There is the possibility, therefore, that the general background betw^een 
A3600-5000X (approximately), in which region the lines of the Balmer series lie, 
may get accentuated in intensity because of the strong atomic lines. In order to 
avoid confusing the issues, we shall consider the intensity distribution of the conti- 
nuous spectrum from about A3600A towards the short wavelength side (up to 
A2300A). For the sake of convenience the relative intensity distributions in the 
various spectra are compared with that obtained in the Geissler tube. Figures, 
2, 3i 4 give the micro-photometer curves obtained with excitation by canal rays 
of energy 2, 3, 4, 6, 8, 10 kV. (r/. PL 8 and 4). The pressures used in these 
experiments were of the order of 10”* cnis. of Hg and less. The effect of Mercury 
vapour apparently begins to count only for the higher operating voltages of the 
order of 4 kV. or more. The variation in the relative intensity distribution curves 
for the low voltages (viz., 2 and 3kV.) is insign ifi can t'and the general shape of the 
curves approximates to that obtained in the Geissler tube. It has been shown in 
( 1 ) that the intensity distribution curves in the case of the Geissler tube spectrum 
and the canal ray spectra are sensibly the same except for a small variation in the 
intensity of the region in the neighbourhood ofA25ooS. Spectra obtained with 
canal rays of energy of 4 kV. or more in the presence of Mercury vapour show a 
markedly more rapid fall in the intensity towards the short wavelength region. 
This departure from the usual distribution does not, however, show any regular 
dependence on the energy of the canal rays. Thus with 6 kV. energy canal rays 
the fall is more rapid than with 4 kV. energy. It is more rapid with 10 kV. than 
with 8 kV. ; there is no difference on the other hand in the course of the intensity 
distribution obtained with canal rays of energy 4 and 8 kV. 

In.general, therefore, we can say that the presence of Mercury vapour affects 
appreciably the relative intensity distribution of the continuous spectrum, the 
effect being more pronounced at the higher voltages than at the lower ones. This 
has the net effeetpof bringing about an apparent variation in the intensity distri- 
bution of the continuum with the energy of the exciting canal rays. That there 
is no such effect has been shown in (I). It must be pointed out that the Mercury 
vapour being present only in traces in the discharge tube, it was not possible to 
control the quantity of the vapour present and thus maintain it constant. Thst it 
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was present in appreciable amounts throughout the course o£ the experiment is 
shown by the continued presence of the A2537A line with great intensity. It is 
likely that the amount of Mercury present in the vapour phase varied from ex- 
periment to experiment, fgr we naturally expect this amount to be relatively more 
at the lower pressures than at the higher ones. 

it appears difScult to suggest a hypothesis for the explanation of the effects 
observed on account of the extremely large inumber of possibilities. Mercury in 
the molecular form, for example, possessel a large number of continua of its own 
(Finkelnburg^). Added to this, we have possibility of the formation* of the 
HgH molecules and a subsequent eiiiissi 4 of its band si>ectrum (Jazewski^*). It 
may be that the effects observed are of the type reported by Siiiitli.'* The possi- 
bility of collisions of second kind has already been pointed out. The ej^periments 
reported here make it clear that tlie presence of Mercury vapour is quite likely to 
vitiate results obtained on the intensity distribution of the continuum excited by 
the canal rays. The discrepancies in the results obtained by different workers 
may, therefore, well be due to such effects. 

In the end, I offer my grateful thanks to Dr. S. vS. Joshi for giving me the 
facilities for work and constant encouragement and to Dr. Asundi, with whose 
guidance the above work was carried out. To Dr. Ishaq, Chairman, Physics 
Department, Muslim University of Aligarh, I am indebted for facilities for the 
micro photometer work. 
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ABSTRACT. Glypial lacquerK’oatecl high resistances made of graphite lines on pyrex 
glass rods have been successfully used in direct current amplifying circuits by a few workers. 
Similar resistances coated \sith a number of baking shellac varnishes have been examined 
by the writer of this note. The effect of keeping these resistances in atmospheres of different 

humidity has been studied and their valuCaS under varying voltages have been determined in 

order to see if they conform to Ohm’s law. It has been found as a result of this investigation 
that varnishes composed of shellac and linseed oil fatty acid.s are generally very satisfactory for 
the purpose of coating these high resistances to protect them from atmospheric moisture. 

D.C. Amplifying circuits are now being used for various purposes in 
cointnunicatiou engineering and other electrical laboratories, such as for the 
measurement of resistivities of dielectrics, for photo-electric currents, with 
ionisation chambers etc^ but the success of such circuits depends mostly on the 
reliability of very high resistances of the cider of 10* to 10’ ohms, which are 
generally used with special vacuum tubes known as electrometer tubes. A form of 
such a resistance enclosed in a glass tube to protect it from atmospheric moisture 
has been described by Brewer\ but perhaps the most convenient form that can be 
easily made in any laboratory is that described by Curtiss^. He has used resis* 
tances made of graphite lines on Pyrex glass rods coated with glyptal lacquer* 
These have been found by Curtiss to give no more * noise * than the best commer- 
cial resistors in the market, to obey Ohm*s law and not to be appreciably affected 
by changes of temperature or of humidity. He also tried several other kinds of 
lacquers for this purpose but without success* 

Most of the insulating lacqueis alter the value of such a resistance when 
applied to protect it from atmosphe ic moisture. This is probably not due to 
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Deflection of galvanometer & calculated resistance 

Resistance coated with 
varnish composed of 

Applied 

voltage 

Humidity 30% 

Humidity 60% 

Humidity 90% 



Defln. in 
nims. 

Resistance 

in 

niegohnib 

Defln. ill 
mni. 

Resistance 

in 

megohms 

Defln. 
in mnis. 

Resistance 

in 

megohms 

vShellac, glycerine and 

2.0 

22 

337 

23 

322 

1 25 

297 

linseed oil and baked 

4.0 

AS 

33 ^> 

45 

330 * 

51 

290 

at I40*C for 

12.2 

136 

332 

138 

328 

150 

301 

3 hours. 

24.2 

270 

332 

270 

332 

310 

289 


48.0 

5^0 

329 

550 

323 

610 

289 

GJyptol and 

2.0 

62 

120 

62 

J20 

70 

106 

baked at i2o*C 

4.0 

120 

123 

122 

121 

i 3 « 

107 

for 2 hours. 

[ 12.2 

370 

122 

360 

125 

410 

110 


24.2 

730 

1 123 

73 “ 

123 

830 

107 

! 

48.0 

I 44 :> 

123 

1420 

125 

1650 

108 


From the above table it appears that shellac-linseed oil baking varnishes are 
generally the least affected by humidity and may therefore be very satisfactorily 
used for coating such high resistances in the laboratory. Hither of the varnishes 
composed of shellac or methyl ester of alcuritic acid, meleic anhydride and linseed 
oil fatty acids is particularly suitable for the purpose. The aleuritic acid one is 
light golden in colour and gives almost a transparent film. For most purposes, 
however, the other lac varnishes as well as the glyptol varnish which have 
been shown in the table are also satisfactory. 
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ABSTRACT^ Measurements of the effective dfelectrie constants of ionized air and helium 
in the discharge tubes by the double-beat method yielded the following results for medium 
frequencies (1100 kc./sec. to 375 kc./sec.). 

(ij When the frequency of the measuring field was fixed, the effective dielectric constant 
hich was found slightly greater than unity increased proportionately with the increase of the 
discharge current except when the latter was large. 

(2) When the discharge current was fixed, the effective dielectric constant decreased 
gradually with the increase of the wavelength of the measuring field. 

The possibility of a resonance frequency of the ionized medium much higher than the 
frequency employed in this work has been indicated. Accepting such a resonance frequency 
it would be possible to explain both sets of results according to the classit al dispersion 
formula. 


INTRODUCTION 

In the present investigation, measurements of the effective dielectric 
constants of ionised air and helium were undertaken for a frequency range from 
about 1100 Kc./sec. to about 375 Kc./sec. 

Fraulein Szekely ^ was perhaps the only previous worker who carried out 
similar measurements on medium radio-frequencies. The method she followed 
was a resonance method with the experimental condenser inside the discharge 
tube. The effect of the conductivity and also that of the positive ionic sheath 
were likely to bring in complications in the correct evaluation of the effective 
dielectric constant of the ionized gas in these experiments. She obtained the 
values of the dielectric constants of ionized air alu^ays greater than unity. 

In the present investigation external condenser plates were used touching the 
outer surface of the discharge tube* The discharge was a D. C. discharge with 

• Communicated by the Indian Physical Society. 

} Szekely, Auti. der Pliysik, 5, 3, p. 112 (1929). 



64 


S. R. Khastgir and C. Choudhury 


the help of an induction coil. The conductivity correction was not therefore 
necessary. As before two sets of experiments were performed : 

1. Variation of the effective dielectric constant of the ionized air and helium 
for various values of the discharge current for a definite frequency of the measur- 
ing field, and 

z. Variation of the effective dielectric constant of the two ionized gases for 
various frequencies when the discharge current was kept fiked. 

EXPERIMENTAL PROCEDURE AND DETAILS 

The experimental condenser was made up of two cylindriial brass pieces 
placed round the outer surface of the discharge tube. This external condenser 
of capacity Co was connected in parallel with the tuning condenser of capacity C 
of a ^titablc Hartley oscillator. The change in the effective capacity of the 
experimental condenser round the discharge tube when a discharge was passed 
through the latter was balanced by changing the capacity of an accurately 
calibrated small variable air condenser of capacity Ca in parallel with Co and C, 
so that the total capacity (Co +C-tCA ) remained constant. The procedure was 
as follows: The high-frequency signal from the oscillator w as i eceived by an 
oscillator-detector valve-circuit which was exactly similar to the oscillator circuit. 
When the detector circuit was nearly in tune with the oscillator, the familar 
heterodyne whistle was heard in the telephones placed in the anode circuit of the 
detector. The audio-frequency voltage developed across the telephones was then 
amplified by a three- valve amplifier and fed into a loudspeaker which gave a 
loud musical note. On introducing into the same loudspeaker an audio-frequency 
current from an audio-oscillator capable of producing an intense note of fi.xed 
frequency, beats were heard by suitably adjusting the lielerodyne frequency. 
A variable resistance was placed ill series with the secondary coil of the audio- 
oscillator to match the intensity of the lieteiodyne whistle with that of the audio- 
frequency note. Adjustments of the variable vernier condenser Ca in the 
oscillator to produce no beats were then made successively ; first when there was 
no discharge through the discharge tube and next when a discharge was passed. 
In this way the change in the effective capacity of the experimental condenser on 
ionizing the gas inside it was accurately determined. In the first set of experi- 
ments where the frequency of the measuring field was kept fixed, the values of 
this change of capacity AC were determined for various values of the current 
through the discharge tube and in the second set where the discharge current 
vvus maintained at the same value, the values of AC were obtained for different 
frequencies of the measuring field. The actual values of the effective dielectric 
constant of the ionized gases could, however, be approximately calculated from a 
knowledge of the ratio of the observed change of the effective capacity of the 
experimental condenser to the actual capacity-value of the same. The diagram 
of the experimental arrangement is shown in figure |. 
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Figure: i 

The tuning condensei C of the Hartley Oscillator and the vernier air 
condenser Ca were i)roperly shielded. 


Tabue I 


Air dischaigc tube 

Frequency 428.6 kc/sec. (A = 700m) Capacity of the experimental 

condenser: 3‘4/>t/>i/. 


Di scha rge cw rrent 
(m.a.) 

! Increase in capacity 

M) 

Dielectric constant 

f 

•25 

•05 

1. 015 

.5 

.10 

1.029 

.8 

.10 

1.047 

1.2 

.23 

I.O^ 

1-5 

.26 

1.076 

t.8 

•30 

1.082 
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Tabi^e 11 

Helium discharge tube 


Frequency 419.6 fcc./sec. (A=7i5in.) Capacity of the experimental 

condenser : 8*5 fifij. 


Discharge current 

Increase in capacity 

Dielectric constant 

e 


•053 

j 1 .0062 

.75 

.t6 

1.019 

.S 

.21 

1.025 

1. 1 

.27 j 

1.032 

1.4 

•32 

I.C38 


The latter was constructed out of a spherometer. A circular disc formed the 
fixed plate of this condenser and a similar circular disc placed vertically above 
and parallel to the former could be pushed by the central leg (which was cut 
short), when the graduated spherometer disc was given a right-handed turn, 
(^n giving a left-handed turn to the spherometer disCi the central leg would move 
up and the upper circular disc of the vernier condenser could be pulled up by a 
steel spring suitably fixed. Farthed guard-rings made up of thin brass foils 
were inserted round the two parallel discs. With two complete revolutions of the 
spherometer disc, the upper plate would be displaced vertically through i mm, and 
the capacity of the condenser was found to change by 10 The spherometer 

disc had a graduated scale with 50 big divisions so that a turn through one 
such division would mean a capacity-change of o.i /xu/. Each big division was 
further divided into 5 smaller divisions. A turn through one small division would 
cause a change of 0.02 fifif only. 

EXPERIMENTAL R R vS U L T vS 

(a) Effective dielectric constant of the ionized gases for different discharge 
currents for a fixed frequency of the measuring field* 

The results of two typical sets of experiments, one with ionized air and the 
other with ionized helium are given in tables I & II. They are graphically 
shown in figure 2. The effective dielectric constant in either case was found 
slightly greater than unity, i.e., there was an increase in the effective capacity of 
the experimental condenser on ionizing the gas inside. In the case of helium 
the discharge curr^t ranged from .25 m.a. to 1.4 m.a. and there was ap almost 
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linear relation between the increase of efifective capacity and the current passing 
through the discharge tube. In the case of air, the maximum discharge current 
was 1*8 m.a. and the increase in the effective capacity of the experimental 
condenser was found directly proportional to the discharge current up to about 



Table 111 

Air discharge tuhv 

Capacity of the experimental coudenser : 3*4 fxfif 


Discharge current : .2 ni.a. Discharge current : 1.15 ni.a. 


Wavelength 

(metres) 

Increase in 
capacity (mm/) 

e 

Wavelength 

Viiielrevs) 

Increase in 
capacity (mm-/) 

‘ 

307 

*10 

10294 

365 

■43 

1126 

420 

•08 

10335 

310 

‘41 

ri2i 

480 

*07 

1'0206 

4ao 

*37 

1 109 

592 

'06 

1-0177 

505 

*34 

I'loo 

7»3 

•04 

I’oiiS 

645 

■30 

i*o&8 

B 2 S 

*03 

i'oo6S 

720 

•28 

1*082 




827 

' *25 

1674 
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Table IV 

Helium discharge lube 

Capacity of the experimental condenser ; 8*5 /i/t/ 


i 

Discharf?e current ; 2 ni.a. | Discharge current : 75 iii.a. 


Wavelength. 1 

(metres) 

Increase in capacity. 
M) 

: Wavelength. 

1 (metres) j 

Increase in capacity 
( /*<“/ ) 

265 

.14 

315 

•41) 

337 

.12 

420 

■.31 

433 

.10 

.SIO 

‘26 

501 

.og 

623 

'22 

623 

.07 

7^3 

‘JD 

7S1 

•05 

Kio 

‘09 

827 

•03 




I '25 m.a. beyond which AC was found to increase with the discharge current at a 
slower rate. We can therefore conclude that the cfTcctive dielectric constant of 
ionized air or helium in our experiments increased linearly with the discharge 
current except when the latter was large. 

The wavelength of the measuring field in these experiments was about 
700 metres (frequency : 426 kc.). (.)n calculating the value of the effective 

dielectric constant it was found that the dielectric constant of ionized air varied 
from 1. 015 to 1.082 as the discharge current was increased from .25 m.a. to 
1.8 m.a. The calculated value of the effective dielectric constant of ionized 
helium was found to vary from 1.006 to 1.038 over a range of discharge current 
from .25 m.a. to 1.4 m.a. 


ib) Effective diclecLiic constants of the ionized gases for different fiequcncics 
of the measuring field for a definite ionization value 

The experimental results with air discharge tube for two different discharge 
currents are given in table 111. They are illustrated in fig. 3 where the increase 
of capacity AC is plotted against wavelength of the measuring field for each set 
of observations. Similar results with the helium discharge tube for two different 
discharge currents are given in table IV. They are illustrated iu figure 4. 
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For botli the ioni/ed gases, the value of AC was fouud to decrease slowly and 
gradually with the niciease oi wavelength of tlie measuring held. This meant 
lhat the effective dielectric constant of tlie ionised gas (air oi helium) also 
diminished slowdy and gradually as the wavelength was iiici cased. 

It is significant that the eflective dielectric constant of the ionized air and 
helium was always found to be slightly greater than unity for medium radio- 
frequencies* Test experiments weie, how'ever, jicifoimed with diffeient ail 
discharge tubes having different sizes of electrodes and in all cases the effective 
dielectric constant of the ionized air was found to be shghtlj gi eater than unity. 
Experiments with the same air discharge tube were also carried out in the ultra- 
high frequency range, keeping the discharge cuiient at a small steady \aluc and 
varying the wavelength of the measuring field oxer some range, h'or wave- 
lengths smaller than about y ineties, the effective dielectric constant of the 
ionized air was found to lie definitely less than unity . 


It is considered unlikely that within the range of the discharge cui rents 
employed in this woik, the effect of the positive ionic sheath on the mnei 
surface of the discharge tulie could the explanation of the value of the 
dielectiic constant being greater than unity in the case of medium radio fre- 
quencies. For the same discharge current and tube pressure the thickness o 
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the ionic sheath would remain the same and if the value of the effective dielectric 
constant was found greater than unity for medium radio frequency, the result 
would be similar for ultra-high frequency also. For very small discharge 
cu rents, when the sheath effect would be negligible, it was, however, found that 
the value of the dielectric constant of the ionized air was definitely less 
than unity in the ultra-high frequency range, whereas for the same discharge 
current, under exactly similar conditions, the effective dielectric constant was 
found to be slightly greater than unity. This suggests the existence of a 
resonance frequency for the ionized medium much higher than the medium 
radio-frequencies employed in these experiments. Investigation to locate the 
resonance frequency is in progress. 

It may be said that Gutton’s quasi-elastic resonance and Tonk and Lang- 
muir’s plasma resonance would be both possible in the medium inside a discharge 
tube. On either view, the resonance frequency would be very much higher than the 
medium radio-frequencies we employed in this work. Accepting such a resonance 
frequency and neglecting the Lorentz term, the complex dielectric constant of 
the ionized gas would be given by 

4’rNc^/w 

where w = angular frequency of the measuring field 
ti’o = resonance angular frequency higher than 7v 
= frictional constant = mv 
V = collision frequency 
N = electron concentration 
c = charge on an electron 
m = mass of an electron. 

Here in this formula wq is related to N. If the resonance is the quasi-elastic 
one of Gutton, 

Wo = A.N2, whereas for the plasm a -electronic resonance of 

Tonks and Langmuir 

= B.N.^ where A and B are constants. 

Hence it can be seen from the expression for the dielectric constant that if the 
frequency w is fixed and the electron concentration is increased by increasing 
the discharge current, the dielectric constant would increase pioportionately 
except for the higher currents. With higher currents however, N would be 
greater and consequently the resonance frequency wq would be higher. The 


^ i.e.f N. Aj = 1*1 X 10^3 where a„ is the resonance wavelength. 
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dielectric constant e would therefore assume smaller values than what the linear 
relationship between e and N would demand. This is exactly what was observed. 

Coming to the variation of the dielectric constant of the ionized gases with 
the frequency of the measuring field when the discharge current was kept 
constant, the experimental results would be explicable if a resonance frecjiiency, 
much higher than the measuring frequency, is supijosed to exist. According to 
the expression for the dielectric constant it is evident that the dielectric constant 
of either ionized gas which is greater than unity would slowly diminish as the 
frequency tc is diminished or as the wavelength A is increased. 
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THERMODYNAMIC FUNCTIONS FOR TWO DIMENSIONAL 
QUANTUM STATISTICS* 

By B. N. SINGH 
(University of Delhi) 

[Received for publication, July igjo) 


In recent years the Fernii-Dirac statistics applied to the case of electron gas 
has found numerous applications. The case in which the electron gas is restricted 
to two dimensions is also of interest in certain special cases. In thf first part of 
the present paper the various thermodynamical functions for a v-dimeiisional space 
for a gaseous assembly obeying Fermi-Dirac statistics or Bose-Kinstein statistics 
have been evaluated in the usual familiar way,' and tlie values of these functions 
for a two dimensional space have been deduced as a special case. An application 
of the results has been made in a following paper" in deducing the magnetic 
susceptibility of a free electron gas when the electrons are confined to a plane. 

I. We first determine the distribution laws for a v-dimensional space. The 
wave function for an allow'ed state of a free particle in a space of ‘ volume ’ V is 


^ = C sin 


h~x I 

I 


sm 




Sin 


h ■ 


where 


=c'*n' sin . 

0 = 1 



(l) 


The wavelength A associated with a normal mode of vibration is given by 


I _ la 

A 21. ' 

and, therefore, ‘ “ -7 a ^ ^ * 

A' 4 L, 

where p is the momentum. 
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Now, taking account of relativistic mechanics, 


rio and i — i , 

V 1-^32 Vv / 


we have 


where 


e(5S(Z„)®=»e| 


\ 2 tnc^ j 


8wiL* ' 


The number of states C^, («) for which the energy is less than e is equal 
to a”*" times the volume of a sphere of radius {S(Z„)®}^’ and is given by 


C (e) = 

V 


W — V 

TT^2 




... (2) 


Therefore a (e) de, the number of states of energy lying between a and e-f de:, is 


given by 


a^{e)de=gC'^(e), 






(f- -H "t 


V..V2 ^ 


g being the weight factor. 


In the completely non-relativislic case ^ /y j* reduces to 


and in the completely relativistic case | )> 


a (e)de: 

V 




Equations (4) and (5) for the two limiting cases can be written as 

a {«)de = Dc’“^de, 


(6) 
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where, in the non-relativistic case. 


5 = ' 


and, in the relativistic case, 

S=v, 


D = V 

j'(s)\ /t" y 

I)= 


... (7) 


- ( 8 ) 


It is to be noted that for the three dimensional case .s* takes the values 3/2 and 3 
in the non-relativistic and relativistic cases respectively. For the two d 1 men vision a 1 
case its values are i in the non-relativistic case and 2 in the relativi.stic case. 

The distribution function /(<■)= _ is not aiTccted by the number 

A 

of dimensions. /5= + 1 for Fermi-Dirac statistics and — i for Bose-Kinstein 
statistics. The number of particles, therefore, possessing energy in the range to 
<•: + de is given by 


N(6.)rf«=. de. 

A 


... (9) 


2. We shall first consider the case of non-degeneracy. 

In this case A « i and the distribution function is easily expanded as 
a scries. 

The total number N of the particles in the assembly is given by 


QC 

!■ 


GO 

N= \NMd«-I)(A.>T)’\ ’ du 

+!i 

O 0 A 

= DU'T)'Al’(.«r)|i- 


And, therefore, '• 

The total energy of the assembly E is given by 


00 00 

E = j*e.N(e)de = D(feT) ’ ^ du, 

0 0 A 

= sNfeT[i + a/8Ai - 6/3®Ai2 + f^®A/ + ...], 

h-( 1-0 3 +5 _ 3 

4./* 2.8* 6 ^- 


(10) 

(11) 

(12) 

(13) 

(14) 


where 
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From (12) and (14), we easily obtain, noting that Jl=spV, the general formulae 
for the non-degenerate case 

log A =log A, 24 4,^8^3.., . _ 

= Ai - 1 + afiAi-lbfi'^Ail+ hfi'^Ai^ (16) 

+ 3^"' </^'*A,'^ ... (17) 

3 

where (i, FandSarc respectively the Therniodynaniic Potential, h'ree Unergy 
and Kntropy of the assembly. 

As a special case we write down the values of the above functions in the non- 
relativist ic two-dimensional case. 

We have s= ’- = 1, 

2 


. A - N _ nh- . .. 

and * ••• 

DkT g2nm /el 

where n is the surface density. Also (/ = }, fc=“,V and r = o. 

■ - 

• - <“» 

j^.^ = logA,-i-t-^ >+ + ... (21) 

and ^ =2-l(ig Ai + ... (22' 
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We shall now take up the degenerate case. 

In degeneracy the Fermi-Dirac and Bose-Einstein cases are considered 
separately. In Bosc-Kinstein statistics A = i, / 3 = — i and equation (13), therefore, 
easily gives 

K=r(.v-n)D(fcT)'^H(i + i). ... (23) 

(1 = 0. ... (24) 


F=-^ =-JVs)DU’T)*^H(s + i). 

D 


• • • 


(25) 
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(26) 


C.= 




(5+1) 


K 

T* 


(27) 


where Ci. is the specific heat when the size of the space C* volume **) occupied by 
the assembly remained fixed. 

In the two-dimensional non-relativistic case these reduce to 


G = o. 


vS = 


2U 
T ’ 


(2b'; 

(29) 

(30) 

(31) 



w here denotes specific heat at constant area. 


(32) 


The degenerate case of the Fermi-Dirac statistics is characterised by A » 1 
and/i==+i. The integrations are carried out by using Soinmerfeld ’s formula 
according to which, for large A, 


oc 

I w’dw 
0 A 


i* + 1 


6 Uo^ 360 


wdiere wo = log A. Kquation (10) yields 

* Wo j , a- s(s - j){s - 2) (5 - 3) } 


N = D(itT) " I + — + 


6 Mo* 




And, defining Ai by relation (12), we have 
Mo = log A ~ 

/ 

tt ♦ is - i)( 4 r. - 30 -^ + 54) 

'720' {ru+i)A,} 4 A' ■■' 1 " 

Similarly, integrating equation (13) for large A, we have 


Mq — 

I 6{r(i+i)Ai}"/" 


E=-^ NfcT{r(i+i)Ai}'/" 

s+i 


1+ ■“ 


6{r(5+i)Ai} 


2/5 


from which we easily obtain 
G 

NfeT 


f XXMK^Xl VVW' WiL/VaAAJi 

|. 


(33) 

( 34 ) 

(35) 

(36) 

(37) 
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F 

mr 


S+l 


{r(i+i)Aj2/^ 


^ _ 5 _ Jr_ 

Nfe 3 {r(5 + i)Ai}^/~^ ’ 

C,=i_.-Nfe£" 

3 {r(s+i)Ai}^/" ' 


(38; 

(39) 

(40) 


In the two dimensional case 5=1 and the values obtained for the various 
thermodynamic functions are entered in Table I, where for the sake of comparison 
results for the three dimensional case are also shown. 

My thanks are due to Dr, D. S. Kothari for his help and interest in this work. 


Tabi.e I 



* In the case of two dimensions the equation can be integrated exactly and log A comes 
out equal to Aj+i. It may be noted that the series in vSommerfeld’s integration formula for the 
degenerate case are correct to an order of i/A. 
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THE MOTION OF GASES IN THE SUN’S ATMOSPHERE 

PART III. ON THE STRATIFICATION OF THE SOLAR ENVELOPE 

By a, das 

[Received for publicatOln, November iS, ig^o) 

ABSTRACT. In the introductory part of thlf paper the relative merits of existing theorie.s 
of the solar chromosphere atid their inadequacy ^ explain Sf>me of tlie salient facts of observa- 
tivon are discussed and the necessity for analy|lng the phenomena of the .solar envelope from a 
different angle is emphasized. The dynamics ojf|:hc motion of gases in the sun’s atmosphere 
developed in an earlier paper is then used lo|pvolve a mode of formation and maintenance of 
tlu' different layers of the solar envelope. It is s^own that thi.s new process admits of quanti- 
tative treatment and yields heights^ of the reversing layer, the chromosphere and the quiescent 
prominein'es in good agreement ^^'ith observation. The fact that all gases reach practically 
the same height in prominences, the increase of rotation speed with altitude in prominences, 
the fibrous structure cf the cliroiiio.spherc and several other facts of ob.servation follow naturally 
from this process. The picture is however admittedly incomplete*, but its success so far 
indicates that the dsnamical principle on which it is based probably plays an important part 
in the phenomena of the solar envelope. 

INTRODUCTION 

The idea of selective radiation pressure advanced by Prof. M. N. Saha’ 
in 1919 has been widely used for the interpretation of several astrophysical 
phenomena. Saha himself applied it to explain the occurrence, in the spectra 
of the early B-classes of stars, of the so-called “ stationary” absorption lines 
H and K ; he suggested that under the influence of selective radiation prc.ssure 
singly ionised atoms of calcium were driven far away from these hot stars and 
formed a highly attenuated atmosphere \s hich did not take part in the orbital 
motion of the stars, so that the stationary H and K lines were formed through 
the blanketing eSect of this absorbing atmosphere of calcium vapour on the 
spectrum of the parent stars. This explanation must at present be regarded 
as superseded as the result of the long series of most careful observations made 
by Dr. J. S. Plaskett and his collaborators and in view of Sir A. S. Eddington's 
masterly theory of interstellar matter, both of which leave no reasonable doubt 
that diffuse matter containing calcium, sodium and perhaps most of the other 
elements present on the earth is uniformly distributed in interstellar space with 
a density of the order of 10"^® gm./cm.®, except where local condensations form 
the diffuse nebulae. Nevertheless the idea of selective radiation pressure holds 
the field and has found numerous fruitful applications in recent astrophysical 
theories, notably those of the extended envelopes of Be stars and planetary 
nebulae. » But the researches in which the most extensive and persistent use has 
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been made of selective radiation pressure, in spite of considerable difficulties, 
are the theories of the solar chromosphere, which are mostly modifications of 
E. A. Milne's^ theory of the calcium chromosphere, supported by light pressure* 
The mechanism of support of the Call atom in Milne's theory is essentially 
the same as that indicated by Saha several years earlier, the principal feature 
of which is that the resonance line of Call occurs in a part of the spectrum 
where the Sun radiates strongly, so that Call atoms are subject to considerable 
radiation pressure which balances or sometimes even overbalances gravity. 
Milne has w'orked out the consequences of this idea at great length for the case 
of static equilibrium and has successfully accounted for the formation of a 
chromosphere of ionised calcium, of prominences of ionised calcium and for the 
occurrence of enormous velocities sometimes observed in eruptive prominences 
photographed in calcium light. Notwithstanding these successes, Milne's theory 
is confronted with considerable difficulties which have not so far been eliminated 
by the numerous attempts at modification and improveiiienl made bv vS. K. Pike, 
J. Voltjer, S. Chandrasekhar'* and others. 

One of the principal difficulties of Milne’s theory is tliat it cannot satis- 
factorily account for the permanent presence of hydrogen and helium in the 
chromosphere and in the prominences so long as the theory is based on the 
usual assumption that the Intensity in the extreme ultraviolet solar spectrum 
follows a Planck law corresponding to a temperature of the order of 6ooo‘’K. 
The resonance lines of hydrogen arc situated far outside the main region of 
the solar spectrum and in the case of helium the frccjuencies of the resonance 
lines are about twice as large ns in the case of hydrogen ; in fact, assuming 
that the Sun radiates as a black body at an eftective temperature of 6ooc)‘ K, 
the radiation pressure on bydrogen, according to (lurney, uoiks out to be lo'* 
times smaller than on singly ionised calcium and on helium lo^'* times smaller. 
Vet it is a common fact of observation that all the three elements reach almost 
the same heights in the chromosphere and in the prominences. Besides, as 
D. H. MenzeP has pointed out, the quiescent type of equilibrium discussed 
by Milne is non-existent in the chromosphere. The evidence of eclipse observers 
shows that the chromosphere, like the corona, has a fibrous structure which is 
very different from that to be expected in an atmosphere approximately in 
hydrostatic equilibrium of the type tacitly assumed in Milne's theory. A formal 
possibility of escape from the di^crepancy between the chromosphere of Milne’s 
theory and the actual chromosphere has however been provided by Chandrasekhar, 
who has introduced a periodic space-term in the photospheric flux and has also 
taken account of the darkening towards the limb. Nevertheless Milne’s theory 
in Chandrasekhar's modified form is far from being able to give a satisfactory 
explanation of some of the noteworthy features of the chromosphere, particularly 
the abundance of hydrogen. It seems fairly obvious that any theory which 
postulates the paramount importance of selective radiation pressure as a means 
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of support for the chromospliciic gases will be confronted with the extreme 

difficulty of explaining the existence of the major constituent, hydrogen, 

provided that the extreme ultraviolet spectrum of the Sun is taken to be identical 

with that of a black body at 6000® K. So forcibly has this difficulty impressed 

♦ 

itself on some of the most eminent theoretical astroidiysicists that S. Rosseland* 
says, *Mt may be wise to relax a little one's confidence in the significance of light 
pressure also as regards the distribution of calcium and allied elements in the 
chromosi)liere, pending the outcome of the case of hydrogen, helium and other 
elements with unfavourable resonai^e lines in the chromosphere and the 
prominences.” He ixmnrks further, *;it is surely premature as yet to assert 
that we know enough about the stars t<jj assert ihat light pressure is the only 
agency which can lead to the expuli^on of particles. 1 think, it rs fair to say 
that the evidence of solar observatioi^, taken as a whole, is against this idea, 
and to such a degree that it fully justifitae an attempt at the development of a 
non committal formal analysis of t^ie solar phenomena from a wider point 
of view.*’ Rosseland himself has worked out a theory in which an envelope 
is kept distended through the bombardment by corpuscular rays (electrons) 
emitted by a star ; with the help of this theory he has been able to explain some 
of the characteristic features of the solar chromosphere and the corona without 
recourse to the idea of support by radiation pressure. This theory has many 
obvious advantages, but it has not yet reached the stage of development at 
which a final judgment can be formed about it. Another theory which docs 
not depend at least explicitly on llie idea of selective radiation pressure has been 
advanced by W. H. jMcCrea^‘ according to whom the chromosphere is .supported 
by ‘^turbulent motion.” But McCrea defines this turbulence in a w^ay quite 
different from what is understood by this term in hydrodynamics and bases 
his theory on the obviously untenable idea that the particles taking part in the 
turbulent motion have a Max^^eilian velocity of the order of 15 km. /sec., but 
not the temperature corresponding to this velocity. In spite of the unsatisfactory 
character of McCrea *s llieoiy, tuibulence ought to play a part in the mechanics 
of the chromosphere, just as it cannot be denied that selective radiation pressure 
must have its contribution in llie complex phenomena of the solar envelope 
though perhaps not in the manner postulated by Milne. In the present state 
of our knowledge, as McCrea has remarked, “wc cannot say even whether 
radiation pressure provides the normal means of chromospheric support, with 
hydrogen and helium occupying somewhat exceptional positions, or whether, 
on the other hand, normal chromospheric support comes from quite a different 
agency with a few gases like Call and Sri I showing additional peculiarities 
owing to their happening to be subject in addition to radiation pressure.** In 
these circumstances the following attempt at exploring an alternative inode of 
formation of the solar envelope, somewhat different from those hitherto considered 
and yet incorporating some of their features, may not be entirely superfluous. 
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MECHANICS OF EJECTION OF SOLAR GASES 

As meutioned in tbe foregoing section, the evidence of experienced eclipse 
• observers is quite convincingly in favour of the view that the solar envelope 
is to be looked upon not as a true atmosphere like that of the earth but as 
composed of innumerable jets of glowing gases emanating from the body of the 
Sun. The appearance of the chromosphere is that of a tangle of interlacing 
trajectories which, though not so pronounced, is very similar to that of the 
corona; also the agglomeration of matter in the solar envelope is veiy many 
times more than what is to be expected on any simple hydi ©static theory. The 
chromosphere, the corona and the prominences would therefore seem to be due 
to a complex of dynamical phenomena in which there may be no static 
equilibrium. Indeed it seems most probable that there is no essential difterence 
hetwx^en the modes of occurrence of these varied phenomena, so that tlie division 
of the envelope into .several strata may merely represent dilTerent degices of 
the same underlying process. Whatever may be this underlying mechanism 
it must possess certain properties which are indicated by facts of observation. 
For instance, it must be capable of explaining why no essential difleiences of 
prominence structure are noted in photographs of prominences taken in not 
only the strong lines of hydrogen, helium, ionised calcium, ionised strontium 
and ionised titanium, but also in the lines of faint and medium intensities. 
This observation imposes an impoitant requirement upon the mechanism of 
formation of prominences, namely, that the acceleration acting upon the various 
types of atoms must be at least approximately equal. This condition cannot be 
satisfied by selective radiation pressure so long as its effect is negligibly small 
on hydrogen ; for it seems scarcely reasonable to expect that the most abundant 
constituent can be dragged along by the comparatively rare atoms of ionised 
calcium, etc., which may develop considerable velocities thiough selective light 
pressure. 

The assumption that the Sun s spectrum in the extreme ultraviolet is 
exactly the same as that of a black body at 6000'' K has how^ever, as Saha ^ has 
recently argued, no unquestionable experimental or theoretical justification. In 
fact, Saha has urged that certain features of the night-sky spectrum and of the 
ionospheric phenomena require that the unobservable part of the ultraviolet 
spectrum of the Sun should consist of a faint continuous background on which 
are superposed intense emission lines of H, He\ and other elements which 
are represented in the visible range by lines of the subordinate series. Should 
this hypothesis represent the actual spectrum of the Sun, the difficulties about 
the support of chromospheric and protninence gases against gravity would be 
considerably reduced. In fact, K. O, Kiepenheuer^ has argued that the extreme 
ultraviolet spectrum of the Sun must be as postulated by Saha and that an exact 
compensation of gravity in the quiescent prominences and in the chromosphere 
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actually takes place through selective radiation pressure arising out of the absorp- 
tion of ha radiation by the H-atoms which are by far the most abundant consti- 
tuents of the solar envelope. It may be remarked in this connection that the 
emission lines in the extreme ultraviolet solar spectrum postulated in Saha’s 
hypothesis arise through the mechanism of fluorescence in an attenuated atmos- 
phere as suggested by Rosseland in a famous paper in 1926; if the compensation 
of gravity in the chromosphere takes placjje in the way suggested by Kiepeiiheuer 
then the mechanism of fluorescence iiiust oi>erate in some layer between the 
photosphere and the chroinospheic. If intermediate layer is ideliiifitcl wnth 
the reversing layer or some transitioE^. layer between the photosphere and the 
reversing layer, then in this layer the conditions of piessure (which according to 
St. John and Babcock’s scheme is at leist aims, and probably much higher) 
would be unfavourable for the operation r- of Rosseland's process of fluoiesccncc 
and consequently the chromosphere could not be effectively supported by selective 
radiation pressure acting on hydrogen, If, on the other hand, the pressure of 
the photospheric gases is less than 10"' atm. and the mean piesssuie in the 
reversing layer is at most 10'"^ atm. as concluded by Russell and Stcw’ail, then 
the reversing layer, tlie chromosphere and the prominences may all be supported 
by selective ladiation pressure acting on hydrogen, provided the Sun radiates 
ill the way suggested by Saha. This mode of support of the solar cnve]ox)e is 
apparently not entirely free from uncertainty. There is however an alternative ; 
the Sun emits continuously high velocity elections for which there is direct 
evidence ; the bombardment of the atoms of the envelope by these electrons may 
compensate the effect of gravity on these atoms and may conceivably fulfil also 
the functions attributed to the absorption of La radiation. But, whatever the 
ultimate explanation may be, several facts of observation show^ that the effect 
of gravity on the solar envelope is completely or almost completely neutralised 
by some mechanism which at present remains obscure. 

Ill almost all the current theories of the chioniosphcre, the atoms forming 
the chromosphere are assumed to have originated in the photosphere or just 
above it. But, if we accept the view’ that there is probably no essential difference 
between the processes underlying the formation of a prominence and of the 
chromosphere, then there is good reason for thinking that the chroinos})licric 
gases have their origin below the photosphere and probably in the deep interior 
of the Sun ; for there is little doubt that the quiescent prominences originate 
in the interior of the Sun. In fact, starting from the generalised postulate that 
all the material of the solar envelope conies from the interior of the vSun, one can 
arrive at a way of visualising the complex phenomena of the solar envelope which 
seems to have distinct advantages over the pictures which form the basis of the 
current theories of the chromosphere. For this purpose we liave first to consider 
the process through which a mass of materia] can be ejected from the interior and 
then the motion of this mass in the space above the photosphere., 
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According to the current theory of internal constitution, the temperatures 
within the stars are of the order of a few million degrees and at these temperatures 
the radiation consists of waves of about the same lengths as X-rays, while matter is 
broken up mostly into atomic neuclei and electrons. The conditions in the interior 
of stars are almost those of an ideal thermodynamical enclosure, so that all particles 
behave like black bodies and the radiation pressure is the same as the light 
pressure calculated from Maxwells electromagnetic theory of light. Under 
equilibrium conditions at any point in the interior gravity is balanced by the 
combined effect of gas pressure and radiation pressure. This state of static 
equilibrium can be maintained also in a rotating star so long as the rotation is 
like that of a rigid body and the rate of generation of energy at every point of 
the interior depends only upon the density and the temiierature in the way required 
by a well known tlioorciii due to 11. v. Zcipel. But the theories of Jeans/' 
liddingtoii ' and Rosseland* ‘ show that an actual star does not rotate like a rigid 
body; in fact it is generally accepted that the interior of a star i otates much 
faster then the surface and that the angular speed of rotation increases rapidly 
with the depth below the surface. According to Kddington an actual star does 
not obey v. Zeipel’s theorem and this leads to local variations of temperature 
in the interior. Thus, from theoretical considerations, localised rises of tcmpcratiue 
in the interior of the Sun are to be expected, but we can draw this inference 
also from the fact that on the Sun s surface sudden localised increases of tem- 
perature (eruptions) arc often observed. It may be mentioned in this connection 
that Eddington has shown that the non-fulfilment of v. Zcipcl’s theorem results 
in the establishment of a system of internal circulatory currents; Rosscland 
has concluded that there is a possibility of these internal currents being periodically 
unstable. It seems likely therefore that the periodic variation of solar activity 
is intimately connected with the peiiodic instability of the internal currents. 
But the fairly common occurrence of eruptive phenomena on the Sun’s surface 
may be regarded as indicating that internal disturbances do occur also frequently 
and quite irregularly. 

Let us suppose that in a limited region of the Sun's interior the temperature 
rises suddenly to a value higher than the normal. This increase of temperature 
will give rise to increased radiation pressure and a consequent outflow of matter 
in a radial direction. Since the radiation pressure experienced by the constituent 
particles is due to the amount of the forward momentum of the radiation absorbed 
or scattered by the particles the velocity of ejection will depend upon the cross- 
sections and the weights of the particles as well as on the rate of recombination of 
the neuclei and electrons. In the absence of precise knowledge about these factors 
it is not possible to estimate with any certainty the initial velocity of ejection 
of the particles for a given increase of radiation. But without any calculations 
it can be safely concluded that at the pressure prevailing in the interior of the Sun 
there will be frequent collisions among the various types of particles resulting in a 
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re*distributioti of the acquired momenta and an eventual movement of the whole 
mass of matter affected by the disturbance. The velocity with which the mass 
of gases will move outwards towards the photosphere will of course depend upon 
the actual increase of radiation pressure and since the radiation pressure is propor- 
tional to the fourth power of the temperature it is likely that appreciable velocities 
will be acquired through comparatively sinall rises of temperature. The velocity 
with which a ma«s of gas thus ejected frOitn the interior will emerge from the 
photosphere will, because of frictional resistance, be considerably less than the 
initial velocity which the mass started with. Outside the photosphere the 
frictional resistance will be small and we inay ignore it as a rough approximation. 
If, in addition, gravity is neutralised by some such process as discussed earlicr 
in this paper, then the' magnitude of fhe velocity with which the mass of gas 
emerges from the photosphere will iem|iin unchanged dining the subsequent 
motion. Now, since the ejected mass or^inated in the interior of the Sun where 
the angular speed of rotation is much faster than at the surface, it will tend to 
rotate with a higher speed than the surfsare of the vSun. This brings us precisely 
to the hypothesis which forms the basis of the considerations set forth in Part 
Recently I have come to know that an almost identical hypothesis was put forward 
in 1935 by Mr. J. luTrshed in order to explain the di.screpancy between the 
angular motion of prominences derived I)y him from his measures of Doppler 
shift by the spectrograph ic method and the rotation speed derived from the 
limes ot successive meridian paSvSages of prominences and dark markings.* 
For comparison I quote Mr. Fvershed’s hypothesis in his own words. ''A 
possible explanation may now be suggested of the increasing angular speed 
wdth height above the photosphere, and of the decreasing speed with 
decieasing solar activity. This depends upon the fact, I believe fairly w’ell 
established, that the gases above the photosphere do not foiin a true atmosphere 
to the Sun, but consist of innumerable jets of luminous gas projected radiallly 
outwards from beneath the photospheric level. Jf the interior of the Sur is -rota- 
ting faster than the pliotospheic, and w ith uniform angular speed in all latitudes, 
then these jets will tend to retain the velocity of the interior rcgi(»ns, and the 
deeper the origin of a jet the more closely will its motion conform to the angular 
speed of the interior. The prominences coming from the deepest iayeis will give 
the greatest rotation si)eeds, and the most uniform angular motion. At times of 
intense solar activity the great prominences, streaming out at definite points in 


^ I am indebted to Messrs. P.R.C, Iyer and B. G. Narayan for drawing my attention to a 
paper by R. de Lury (Canada, R.A.S., November, 1939), which was received at the Kodaikanal 
Observatory a fciv months ago and in which the apparent slight increase of the rotation speed 
with altitude above the photosphere is explained by the hypothesis that the gases of the 
envelope originate in the interior of the vSun and retain the high angular speed of rotation of the 
ipterior. It is clear from the paper that the hypothesis is originally due to Mr. Evershed. 
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the photosphere, are probably ejected from greater depths than the smaller promi- 
nences seen at times of minimum activity.*' It is evident from the above quota- 
tion that the essential features of Mr. Evershed’s hypothesis are the same as those 
of the hypothesis the dynamical consequences of which were worked out in 
Part 1 . From the results o])tained in Part I it was evident that many of the major 
features of prominences and dark markings could be explained both qualitatively 
and quantitatively on the basis of the dynamical ideas developed Ihere. From the 
details of the process of ejection of matter from the interior of the Sun just dis- 
cussed and the equations of motion, as derived in Part I, of a mass of matter thus 
ejected in the space above the photosphere, it is clear that some of the peculiar 
features of the solar envelope discussed earlier in this paper bear a similarity to 
the peculiarities of the dynamical picture here presented. 

As shown in Part I, the motion of a mass of gas (ejected from the interior of 
the Sun) in the space outside the photosphere will be controlled by the dynamical 
equations — • 


Kquatorwards : m 




= X 


sin 0+ sin 0cos 0 


Westwards • 



=Y f sin 0 + 7C cos 0) 


Ppwnrds : 


in .7 —Z-2w{(o'-~o>)v cos 0 2»(o/'-0))^R cos‘^0. 


(12) 


In these equations the positive A -axis points towards the equator, the positive 
y-axis towards the west and the positive c-axis points vertically upwards ; u, w 
are the components of the velocity of the moving mass {m) ; X, Y, Z arc compo- 
nents of the external forces including giavity, friction, etc.; R is the radius of 
the Sun, 0 the heliographic latitude, w the angular velocity at the surface of the 
Sun and w' the higher angular velocity of the interior retained by the ejected 
mass of gas. If the mass, as it emerges from the photosphere, has only a velocity 
V directed vertically upwards and has no external forces acting on it, then the 
equations (12) can be written 


df' 


= sin 0-f sin 0.COS0 



2(«>'-w)(w sin 0 + w COS 0 ) 


(l2‘l) 


— s= cos 0. 

Now from equations (la'i) it is clear, since at the initial moment u»r*o, wsa V, 
that the velocity « arises out of the acceleration which must beofs 
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smaller order than d^yldi^ and d'^zIdV^ and therefore we may also, as rough 
approximation, neglect u against %v and v* The equations (12*1) may then be 
simplified into 

d ^ 

Equatorwards : — g =0 

Westwards : 

Upwards : 

The second equation shows that if the parl^cles of the gas mass have an upjvard 
velocity^ they are acted upon by a ^vcstivat^ horizontal acceleration which deflects 
them from their vertical path. On the othfr hand, if the particles have a down- 
7vard velocity the path is deflected easiwarS, Similarly the third equalion shows 
that if the particles have an eastward velocity, they are acted upon by an upward 
deflective acceleration and. conversely, a westward velocity gives rise to a down- 
ward deflective acceleration, It is to be noted that the deflective accelerations 
depend only on the velocity, so that if the particles started with the same initial 
velocity they would maintain their relative positions throughout the subsequent 
motion and the trajectories of the different particles would be identical. Under 
the combined action of the equations a particle moving vertically upwards 

at the start will travel in a direction more and more inclined to the west of the 
vertical until the velocity becomes entirely horizontal and westward ; thereafter 
the particle w’ill turn progressively downward and finally the velocity w’ill become 
entirely horizontal but directed eastward so that the particle must rise again. In 
the idealised condition of absence of friction and other external forces the particle 
will go on moving indefinitely along a trajectory w hich w ill consist of a series of 
overlapping loops. In reality, however, the motion cannot be frictionless and it 
w^ill also be complicated by the equatoward acceleration which will not be nil. 
I'he actual motion of gases in the solar envelope will be a three-dimensional spiral 
motion of great complexity and will resemble highly turbulent motion. Never- 
theless our idealised equations of motion may be used for drawing general con- 
clusions wiiich should be re?ial>le so far as the orders of magnitude are concerned. 

1.) T V 1 S T 0 N O 1*' K N V K L O P K IN T O LAYER vS 

A glance at equations (12*2) shows that a particle describing a periodic trajec- 
tory in accordance w’ith these equations reaches a maximum height (above the 
photosphere) wiiich depends on the initial vertical velocity (Vj at the moment of 
emergence from the photosphere and on <p and w. For a given value of 0 and 
of w'— to therefore all particles emerging from the photosphere with a given verti- 
cal velocity wdll reach the same height and the natural upper boundary of the 

2 — 1372P 




dt^ 


0>i7i< COS I 




dl 


# ~ cos <l>. j 
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trajectories of all such particles will be a spherical surface situated at this height 
above the photosphere. It seems possible that in this way different boundary 
layers in the envelope may be formed by particles emerging with different ranges 
of velocity. In order to test this possibility quantitatively we have to calculate 
the maximum height reached by particles with a given velocity of emergence (V). 
Integrating the third of equations (12*2) with the initial conditions f=o, V 
and'y = o. we have 


2= — cos + V/, 


Now, at the highest point of the trajectory xv — o and r = V, so that the average 
value of T during the upward motion is JV. Then the maximum height reached 
by a particle is given by 

2mRx= -- Um' - , cos + Vf. (l2'3) 


Similarly, integrating the second of equations (12*2) and remembering that the 
average value of w during the ascent is JV, we get 

ymax = 2(<^>'~<*j)V.cos 0.^^. ... (12 4) 

Kliminating i from (12*3) with the help ot (12*4:, we have 


Zma^x — ymgx 


\/ 2ywx.V 
(o)' — (I)) cos 0 


(12*5) 


Now, as in Part I, we identify ym^x/zmax as the tangent of the tilt of the trajectory 
from the vertical. Then tan 8=ymax/2:mnx. In Part II’ ^ we have shown that the 
average tilt (8) of a prominence is of the order of 8” as determined from the 
measurement of a large number of dark markings. Assuming that this is general- 
ly valid, we pul yniax = tan 8°. 2mRv=o.i4 zmax in (12*5) and obtain 

2 max~0 216. . . (126) 

(ci/ - (d) cos 0 

If the particles are ejected from all depths of the interior, we may on the 
average put, as in Part I, for the equator (0=0) a)' = low, so that = 2*63 x 
and we have 

2iii*x = 0’o 82 X lO^.V. ... (12*7) 

Now, if the reversing layer, the chromosphere and the stable prominences are 
formed in the purely dynamical way as contemplated in the present paper, 
then the values of zm^x computed from {12 7) by using appropriate values 
of V derived from observation should agree with the observed heights of 
the prominences, the chromosphere and the reversing layer so far as the orders 
of magnitude are concerned. Unfortunately there is considerable uncertainty 
about tbo observed values of V. According to St. John the iron linea, 
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belonging to the lowest level, give an upward velocity of about 0.2 kin. /sec. 
We may take this as the value of V for the reversing layer. St. John also finds 
that the calcium vapour, to which the bright emission line Kj is due, has an 
ascending motion over the general surface of the sun of 1.97 km. /sec. in the 
mean. We use this as the value of V for the chromosphere. St. John’s deter- 
minations are from spectrographic mtasu|rements of Doppler shifts and there- 
fore possess a much higher degree of accuracy than the values of upward 
velocity available in the case of the praijnineiices. According to Pettit “ the 
commonest velocities observed in the ititernal motions of a typical stable pro- 
minence are 5-10 km. /.sec. We therefore ijtake 7.5 km. /sec. as the value of V 
in an average prominence of the stable typf. Using these values of V we obtain 
from (i 2 ‘ 7 ) the following values for the liights of the tops of the different layers 
above the photosphere ; 

Reversing Layer I ... 1640 km. 

Chromosphere ... 16150 km. 

Average Prominence ' ... 61300 km. 

It is to be noted in this connection that according to observational practice the 
height of a prominence is reckoned from a level about 10" above the photosphere 
and not from the photosphere. In order to compare with the observational height 
we have therefore to subtract about 8000 km. from the above calculated height 
of an average prominence. For ready compaiison between the observational 
values and the values calculated above the following table has been prepared. 
The observed values of the heights of the reversing layer and the chromosphere 
are taken from St. John and Babcock’s scheme of the Sun’s atmosphere and the 
observed height of a typical quiescent prominence is taken from Abetti — The 
Sun, 1938, p. 142. 

Part of Enve'oiie Height (observed) Height (calculated) 

Rever.dng Layer ... i.soo km. 1640 km 

Chromosplieie ... I4 (kx> kni 16150 km. 

Prominenie ... , 50000 km. 53.300 km. 

It is evident from the table that the agreement between observation and theoiy 
is very satisfactory indeed. Although, in view of the various approximations 
used in the calculations, one should not place excessive confidence in numerical 
agreements, yet it seems safe to conclude from the results obtained that the 
dynamical process considered in the present series of papers ought to play a 
fundamental part in the formation of the solar envelope. The corona has fyeen 
purposely left out of our discussion as the equations (12) are valid so long as it 
is justified to neglect x, y and z against R (c/. Part i).- Although these equations 
ought to be applicable to the inner corona, they cannot have application in the 
mechanics of the outer corona which extends to several times the solar radius. 
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CONCLUSIONS 

In the above calcujatioiis vve have put on the average at the 

equator on the supposition that the particles are ejected from all depths in the 
interior ; and by using values of V derived from observation we have found that 
the calculated heights of an average stable prominence, the chromosphere and 
the reveising layer agree with the observed heights. Now, from equation (12.6) 
we see that these heights are proportional to the ratio V/(w'-a)), so that w'e can 
alw’ays obtain the same heights for any arbitrary values of V provided we adjust 
the values of w'-oj suitably. But observational dala show that only particular 
values of V occur in the quiescent prominences, the chromosphere and the 
reversing layer ; and our calculations have showui that with these values of V 
we have to use a particular value of <o' — o) at the equator, namely in 

order to obtain good agreement between the observed and calculated heights. 
From this we may draw the conclusion that the matter which mostly forms the 
quiescent prominences, the chromosphere and the reversing layer originates not 
at all depths but only at a particular depth at which the angular speed at the 
equator is such that the ejected matter has an angular speed about 10 
times the angular speed of the photosphere. It may be noted that this depth 
roughly corresponds to the core which the sun is believed to possess. Thus, 
from the view-point here advocated, the core is the seat of the disturbances 
which lead to the ejection of matter from the interior of the Sun. This 
constitutes an important difference between our hypothesis and Mr. Evershed's 
hypothesis quoted earlier in this paper. While, according to EveivShed, the 
increase of angular speed with height above the photosphere is to be explained 
by supposing that the gases constituting the higher levels of the envelope 
originate in the deeper levels of the interior (having higher angular speeds), 
according to our point of view^ the gases which form the different levels of the 
envelope originate in the saiiu^ inleinal level (the core), but gases of the higher 
levels of the envelope have been ejected with greater velocities and therefore 
shew an apparent higher rotation speed. This would of course lead us to expect 
an increasing angular speed and also increasing heights of the prominences, the 
the chromosphere and the reveising layer with increasing solar activity; such 
variations appear actually to happen except in the case of the reversing layer 
for which there seems to be no observation available in this respect. 

Our dynamical picture reduces the origins of the reversing layer, the chromo- 
sphere and the stable prominences to one and the same general process and brings 
out clearly the possibility that there is no fundamental difference between the 
modes of formation of these phenomena. According to this picture ordinary 
stable prominences are formed by gases ejected from limited regions of the Sun*s 
interior and emerging from the photosphere with radial velocities ranging from 
2 to 7.5 km. /sec. roughly ; such a prominence must be continually supplied with 
matter ejected from the disturbed region in the interior as long as the prominence 
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lasts. The chromosphere and the reversing layer are formed by particles ejected 
from the interior and emerging from the photosphere with radial velocities 
ranging respectively from 0.2 to 2 km. /sec. and from o to 0.2 km. /sec. roughly ; 
as these layers are permanent features of the Sun, they have to be constantly 
supplied with matter fiom widespread and permanently active regions in the 
int^ior. According to this view there is no static equilibrium in the quiescent 
prominences, the chromosphere and in tl?e reversing layer ; the equilibrium is 
dynamic. All these conclusions appear t^ harmonise with obsei vational facts. 
Our picture is, however, far from being ^complete ; it will require much further 
development, particularly the part that (concerns the interior of the Sun. before 
it can attempt to answer the questions its to why particles of definite ranges of 
velocity emeige from the photosphere why the vertical density -gradient 

in the envelope is exponential ; but even aS^ it stands at present it seems to point 
the w^ay in which the answers to such ques|tions are to be sought. 

Before concluding we may nicntiom an indefinitencss in our calculations 
which arises out of the uncertainty in the nature of the variation of the angular 
velocity (w') with latitude in the interior of the Sun. There are two extreme 
ways in which w' may vary with latitude : one is that cu' increases with latitude 
proportionally to sec^^ for which there is theoretical justification ; the other is 
that w' decreases with inci casing latitude in the same way as u> on the surface 
is observed to vary. In Part 1 the first type of variation of cu' w^as used in 
calculating the variation of the meridian inclination of dark markings with 
latitude and excellent agreement was obtained between the calculated and the 
observed values. If this type of variation of <u' is used in {12 6) above, then 
the heights of stable prominences, the chromosphere and the reversing layer 
should decrease with increasing latitude becoming zero at the pole. Observation 
however shows that there is no evidence of this kind of variation of height ; 
in fact, the chromosphere appears to have practically the same height at all 
latitudes. If we use the second type of variation of cu' with latitude in (12*6), 
then it is evident that the heights of prominences, the chromosphere and the 
reversing layer would increase with increasing latitude l.)ecoming infinite at the 
pole, which is again contrary to observation. On this basis the calculated variation 
of the meridian inclination of dark markings will still sliow the same trend as 
the observed variation, but the agreement between the calculated and the observed 
curves will not be so good as before. The actual variation of cu' with latitude 
may however be something in between the two extreme types which will give 
a satisfactory agreement between observation and theory both as regards the 
latitude variation of meridian inclination of dark markings and the heights of 
prominences, the chromosphere and the reversing layer. 

ADDENDUM 

In calculating the heights of the reversing layer, the chromosphere and an 
average stable prominence we have taken ymax/zmax to be eqqal to the tangent 
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of the average tilt of the ascending part of the trajectory. Also in a stable 
prominence the gases are continually going up and dissipating at the top, so 
that what we see as a prominence is mainly the ascending portion with some 
of the top part of the trajectory ; accordingly in evaluating zme^x we have put 
ym&xtzm&x equal to the tangent of the observed average tilt of stable prominences. 
This procedure may not be strictly correct, but it is not a bad approximation ; 
besides it has the advantage that it indirectly takes account of the retarding effect 
of frictional resistance and incomplete compensation of gravity on the velocity of 
ejection (V). One may however evaluate zm&x by first finding the general solution 
of equations (i 2 ‘2) and then making allowances for the effect of retarding forces 
on V. As this procedure is more general and permits of the evaluation of z and 
y at any point of the trajectory, it seems desirable to include this also here. We 
put 2(w'~a)) cos 0 = b and write equations (12*2) as follows : 

d^z/di^— -b.dy/dt ... (I) 

d^yldt^= b^dzldt. ... (II) 

In order to solve these equations we put p — dz/dt ; then we have 
d^yldl^-=- b,p; 

dyjdt = b.pA, since for / = o, dyjdi — o; 
d^z/di^' — b^pi — dpldi ; 

d^Pldt^^-b^. ... (Ill) 

The general solution of (III) is 

p — C^ sin t)i + C2 cos bt, 

where Cl and C2 are constants. Now d2:/di=V when ^-o; therefore C2 = V, 
and d2/di=Ci sin hi-f-V.cos bt. ... (IV) 

Integrating (IV) with the initial conditions / = o, z = o, we have 

c=“.sin bt+ ^ .(i-cosbi). 
b h 

From (II) and (IV) we have with the initial conditions / = o, y = o, dy/dt — o 
d^yldi^— b(Ci sin b^-l-V cos b/), 
dy/dt = -C) cos bi + V sin 6 / + Cl, ... (V) 

c,(<- 

Bvahiatitig C] in the usual way with the help of (V), (IV) and (I), we have 
Cl ==o and therefore finally we get 


V . 1 

z— - • sin bt I 

b I 



sin bt \ , V 
■"b / b 


(i-cos bt). 


... (VI) 
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Now z is maximum when sin bt is equal to. i ; therefore we have 

V 

— 0.5.-. — r- . 

(ctf' — lo) COS 0 


.. (VII) 


This is the same relation as (12.6) obtained previously except for the 
numerical factor. It is to be noted that the derivation of (VII) implies that V 
remains constant all along the trajectory so far as its magnitude is concerned. 
In reality however the magnitude of V will vary through the influence of 
retarding forces, but it is uncertain by what factor it is actually reduced. It 
is clear, however, that a factor of about 04 would make (VII) the same as (12 6). 
St. John (Ap. J., Vol. 32, p. 36, 191W finds that towards the base of the 
chromosphere the velocity is about 2 k in. /sec. upwards and neai the top of the 
chromosphere it is about i km. /sec. downwards. This observation makes a 
factor of 0.4 entirely likely, so that by ilie alternative method of calculation 
considered here we would obtain the same heights for the leversing layer, the 
chromosphere and an average stable prckniuence as obtained previously. These 
heights would be the same at all latitudes if the latitude variation of co' is such 
that w' — u) varies as sec 0, so that (w' — to) cos 0 is a constant. 

Incidentally it is to be noted that the relations (VI) may be expected to 
have a bearing on the forms of active prominences and their movement towards 
apparent centres of attraction. I hope to discuss these questions in a later 
paper. 
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ABSTRACT. Tn continuation of the work on fee structure of the OD hands ( f heavy water, 
the ^3,0) band at A 2569 was photographed with a ' 0 i]ger Quartz Spectrograph An cxixisure 
of about 5 hours was found ncceSvSarv an nccrunt cf the faintness of the hand Py an extrapola- 
tion of the existing data of the bands hitherto analysed, the rotational structure of this Imnd 
was analysed. The values of the constants are fontid to be ^ 3 » rt(i 9’94 and the spin 

coupling constant A — 139 6 ems h 

INTRODUCTION 

In an earlier paper/ the rotational Mructiire of some of the electronic bands of 
heavy water, due to the diatomic molecule OD, were reported. A scrutiny of the 
plates taken with long exposures rexcalcd the existence of a faint band at about 
A 2570, the region in which the (3,0) band of OD corresponding to the band A 2447 
of the OH molecule must be expected. An examination of the rotational structure 
of this band confirmed the above supposition. The present paper gives details 
of the study of this band, a pieliminary report of which has appeared in Cutteni 
Science, 1940, 9, 36S. 

E X P R R 1 M R N T A D 

The experimental arrangement for the excilation of the bands was already 
described in Part I, The faintness of this band made it impracticable to use an 
instrument of high dispersion ; the band was therefore photographed with a 
Hilger medium Quartz spcclrograph giving a dispcision of about 9 A. I', per inm. 
in the region A 2570. With the lime of exposure extending to about 5 
a picture of the band was obtained which could be conveniently measured, while 
the other bauds were heavily over-exposed. The bands are reproduced in Plate I. 
The usual Iron Arc standards were adopted for the determination of the wave- 
lengths. Due to the general faintness of the band and overlapping of the structure 
arising from the small dispersion of the instrument, the probable error in measure- 
ment is of the order of o.i to 0.2 A.U. Where the lines happened to be broad, 
the cross-wire was set in tw*o or three positions at the centre and at the edges. 
Such lines are indicated by asterisks in the list in Table L 

3— 1372P 
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Tablb I 


Int. 

K (obs.) 

VVRC (obs.) 

. i/vM (calc.) 

1 

1 

Classification 

Ri 

Qi 

Pi 

Ri 

Q> 

P» 

* 3 

2569.1 

38912 

38913.6 

2. 3 

- 

— 

— 

— 

— 


694 

908 

909.7 

I, 4 

— 

— 

— 

— 

— 


69.6 

904 

9038 

5 

— 


— 

- 

— 

2 

70.1 

896 

895-5 

6 

- 

- 

- 

— 

— 





(8827 

7 


— 


— 

— 

3 

71.2 

880 













879.3 

— 

1 

— 

— 

— 

— 




(866.4 

8 


- 

- 


— 

3 

73.3 

864 

{ 865.4 

1 

— 

2 

- 

- 

— 

— 




( ^^3 3 

— 

- 

I 

- 

- 

— 





848.7 


3 

— 


... 


2 

73-4 

847 













847.1 

9 

- 

— 


— 

— 




(8329 

— 



2 



— 

3 

74.4 

831 











1 830.6 

— 

4 

— 


— 

— 

2 

74 9 

00 

824.1 

10 

— 

- 

- 

- 

— ' 





818.7 . 






5 . ^ 




3 

75-4 

818 













816.3 

— 

— 

— 

4 

— 

— 





812.4 

— 


— 

7 





2 

75.8 

811 













809 2 

1 

— 

— 

3 

— 


3 

76.3 

803 


806.4 


5 

- 

— 


- 





801.6 

— 

- 

— 

8 

— 

— 





798.7 

ii 


3 

— 




3 

76.7 

797 

j 












796.9 

— 

— 

— 

2 

— 

— 

2 

77.5 

786 

7868 


-* 

- 

9 

— 

- 





781 6 



6 






3 

77-9 

779 








' 





7783 

- 

— 

— 

I 

— 

-* 




1 

76“ 5 

12 



-- 



3 

78.8 

766 

1 

1 

768.1 



— 

10 

— 





1765.2 

— 

— 

4 

- 

— 

- 
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Table I icontd.) 


Int. 

A lobs ; 

vvao (obs.) 

1 

I I'vac (calc.) 

Classification 

Ri 

1 

Qi 


R, 

Qi 

Pi 



1 

1 

1 ( 3 ^ 7 S ^-7 

1 

— 

7 

— 

— 


1 




i 1 

7# 7 I 

— 

— 

— 

— 

I 2 


3 

25F0.0 

38748 

< 

'L 










1 

1 

7 f 2 

— 

— 

— 

II 

— 

— 




1 

7^.7 

— 

— 

— 

— 

3 

— 





: 

— 

— 

— 


4 

— 

3 

80.8 

735 


i 










7 f 9 

I 13 

— 

— 

— 

— 

— 





k) 







2 

81.1 

731 


7 f 9 


“ 




I 

1 

81 4 

727 


7 V 7 

— 

— 

5 

— 

— 

-- 




( 

; 7«3 

— 

— 

— 

— 

5 

— 


1 

f8i.8 

721 













r 

721 8 

— 

8 

— 

— 

— 

— 

*3 

I 

8i«q 

719 


7.9.0 

1 

— 

— 

12 

— 

— 



8a.o 

717 


716.2 


— 


— 

— 

2 

2 

1 

82 .q 

704 


704.8 



__ 

— 

— 

6 

— 




( 

■ 6 <) 4.7 i 

— 

— 

— 

— 


3 

2 

^ 3-7 

692 











( 

692.7 : 

14 

— 

— 

— 

— 

— 




f 687.5 

— 

— 

— 

13 

- 



(84.1 

6S^ 

i 

1 

6869 


9 

— 

— 

— 

— 

! 


1 


1 

6854 

— 

— 

6 

— 

— 

— 


(844 

682 


682 4 

1 

— 

— 

— 

7 

— 

2 

85. T 

671 


719 

1 

— 

— 

— 

— 

4 

2 

S6 I 

636 


65:0 

i 15 

— 

— 

— 

8 

— 




1 

[ 6528 

- 1 

— 



i — 


2 

86.7 

648 

1 






1 






1 648 8 

— 

10 

— 

— 

I — 





1 

[ 643.6 

— 





5 

2 

871 

641 

{ 











\ 

i 641.8 

— 

— 

7 


~ ' 

~ 

2 

88.1 

627 


626.6 

— 

— 

— 



- 




1 

613.9 

— 


— 

*5 


— 

2 

89.4 

607 

'1 

608.6 

— 

— 

— 

— 


6 




1 

607.2 

— 

11 

— 

1 


— 
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Tabi<b I (conid.) 








CJassificalioii 



Int. 

X (obs.) 

VTftc (obs.) 

f'vac (calc.) 







Ri 

Qi 

Ti 

Rj 

Qa 

Ts 








^ 38594-^ 

? 5 QS 8 

_ 

■ ■■ 

i.' 





3 

2590.3 

38593 

— 

— 

— 

— 

10 

— 

2 

9 X .7 

572 

571 »5 

— 

— 

— 

— 


7 




( 562.0 

— 

12 

— 

— 

— 

— 

I 

92.9 

556 

^ 554-6 


— 

— 

— 

II 

— 

I 

93-8 

541 

5440 

— 

— 

9 

— 

— : 

— 

I 

94.6 

530 

529.4 

f 

— 

— 

— 

— 

8 




C 512.8 

— 

13 

— 

— 

— 

— 

I 

95-8 

512 

( 512.4 

— 

— 

— 

— 

12 

— 




C 490.9 




10 



— 


3 

97.5 

487 

1 4 ^^ 3-8 

— 

— 

— 

•— 

— 

9 




( 467.8 





— 



13 


2 

99.0 

465 

( 461 4 

— 

M 

— 

— 

— 

— 




( 434 9 

— 



— 

. 

— 

10 

2 

260T.I 

433 










' 433-9 


— 

II 

— 

— 

— 

I 

02.3 

41S 

418.6 


— 

— 

— 

M 

— 

I 

03.2 

402 

404.5 

— 

15 

— 

— 


— 

I 

04-7 

380 

3813 

... 

— 

— 

— 

— 

II 

I 

06 0 

361 

364 0 

— 

““ 


— 

15 

— 

I 

08.6 

322 

324.7 

— 

— 


— 

— 

12 

1 

098 

30 s 

311.8 

— 

— 

13 

— 

— 

— 

I 

12.7 

262 

2647 

— 


— 

-- 

— 

13 

I 

14 2 

241 

243.8 

— 

— 

14 

— 

— 

— 

Z 

17 2 

196 

199-4 

— 

— 

— 


— 

14 

I 

188 

174 

174.I 

— 

— 

15 

— 

— 

— 


DISCUSSION AND RESULTS 

As the rotational lines constituting the various branches of the band are not 
completely resolved, a mathod of extrapolation based on the previously known 
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data is adopted to predict and identify the structure. Considering the bands* 

(2.0) (3,0) and (2,1), (3,1) the interval between the Qi(i) Jines of the (2,0), (3,0) 
bands is approximately equal to that between the corresponding lines of the 

(2.1) , (3,1) bands, this interval being approximately equal to the difference 
between the initial vibrational levels v'=2 and = determined from the equation 

OM = + i) + + J|2 + 

Hence the position of the initial line Qiii)'! of the (3,0) baud is predicted. The 
positions of the other lines of this and thodb of the other branches are similarly 
located. The data thus predicted with respect to all the branches are collected 
and compared with the observed values aQfd a consistent scheme of the structure 
of the band is developed. Table I gives t^e details of the intensity, the wavelength 
and other data of all the measured lines Columns (3) and (4) show the observed 
and calculated values and the last columu| give their assignments. 

A check on the identification of the b^d is afforded by comparison of the 
doublet separations of the bands having the same final level, i.c., (0,0), (1,0), 
(2,0) and (3,0). As an illustration, the doublet separations 

QifKl-QalK) 

and Pi(K)-P2(K) 

for the above bands are given in Table II, in which the data for the (3,0) band 
have been obtained from the assignments shown in Table I (Column 3, v observed). 


Tabi,e II 




Qi(K)- 

-QsfK) 



PifK)- 

■p2(K) 


K 

^ 3065 

\ 2872 

A 2708 

A 2569 

^ 3065 

A 2872 

A 2708 

A 2569 


^0,0/ 

<1,0, 

(2,0) 

13.01 

(0.0) 

(1,0) 

(2,0) 

• 3 . 0 ) 

j 

131-4 

131.0 


132 

131. 

I 3 f >'3 

131.8 

133 

2 

116.0 

II 5-9 

II6.O 

116 

116.8 

115-3 

115.8 

114 

3 

103.7 

103.5 

103-5 

99 

103.4 

103.7 

102.9 

105 

4 

92-3 

92.5 

92.4 

96 

92.9 

92.9 

92.8 

95 

5 

83 s 

83.4 

83.0 

82 

84.1 

838 

83.6 

86 

6 

75-8 

76.3 

75-7 

75 

77.0 

76.4 

76.4 

79 

7 

69.1 

70.0 

68.8 

66 

70.0 

69.7 

66.7 

69 

8 

63.6 

s 8-7 

63.2 

63.3 

85 

64.3 

64.6 

64.3 

63 

Q 

59.0 

5«-7 

59 

59.9 

59-5 

59-3 

54 

10 

546 

54-9 

54.7 

55 

56.0 

S-S-S 

sa -7 

54 

11 

S0.9 

51-7 

50.9 

5 X 

52.3 

52.0 

52.6 

53 

J2 

477 

48.0 

47.8 

44 

49.3 

49-3 

49.6 

— 

13 

45-0 

45 5 

44-9 

47 

46.7 

46.8 1 

46.7 

43 

14 

42.8 

42.4 

42.6 

— ! 

44-4 

44-1 ! 

44.2 

45 

15 

40.S 

405 

40.4 

41 

42.4 

43-6 
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A further check on the correctness of the assignments is obtained by the 
application of the combination relations shown below and already referred to in 
detail elsewhere.* It can be easily seen that 

Ri{K)-Pi(K)=^2F',(K) 

Rs (K) - Pa (K) = ^bF's(K) . 

The difference between the values (K) and may be ignored on 

account of the small spin-doubling in the upper state. Table III gives the 
values of Ri(K)-P,(K) and of RaiKl-PaiK) for the (3,2), (3,1) and (3,0) bands- 


Tabw III 

Rotational term differences for the state 



RitK)-P,(K) 

R,(K)-r>*(K) 

K 

A 2963 

A 2756 

1 

* 2569 

^2963 

h 2756 

A 2S69 


(3.2) 

(3.1) 

f 3 .o) 

<3.2) j 

' 3 .«) 

(3.0' 

2 

81.4 

80.3 

81 

81.9 1 

i 

79.7 

80 

3 

114.2 

113.6 

115 

1 

1147 

II 2.0 

II9 

4 

I 44‘5 

J44.6 

142 

144*5 

1440 

147 

5 

177.4 

176.7 

177 

176,4 ' 

176 0 

177 

6 

1 208.8 

208.8 

210 

208.1 1 

i 

208.5 

221 

7 

240.1 

240.4 

239 

239.2 , 

240.1 

*39 

8 

272.2 

271.4 

271 

271.3 i 

271-5 

273 

9 

302.8 

302.8 

we 

0 

C^ 

302.6 1 

302.6 

299 

10 

333.6 

333-6 

338 

333-4 

333-5 

333 

11 

364.9 

364-^ 

364 

363.1 

364.4 

368 

12 

394 I 

394 -.S 

- 

— 

- 

— 

»3 

4 ^ 4.0 

424.6 

. 13 <> 

1 

4 M .1 

424 


- 

454-2 

451 


455 « 

452 

C 5 

— 

483-5 

482 

- 1 

-- 

— 


The table confirms that the band at A 2569 corresponds to the initial level 11'= 3. 

The combination relations involving the lower ®n state are contained in the 
equation, 

R(K-i)-Q(K)*=Q(K-i)-P(K). 

It must be noted that the equation is only approximate, the difference between the 
two sides being a measure of the A- doubling in the rotational levels. 
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Tables IV and V show the values of the above differences. The values in 
columns (3) and (5) in these tables are obtained from the observed values of the 
lines ill Table I. Columns 2 and 4 contain the values estimated from the 
bands (0,0), {1,0) and (2,0). The data indicate the correctness of the assign- 
ment of the band A 2569 as arising from the final state v" = o 


TAB14 IV 



1 

d 

-Pi(K; ? 

Ri(K - 1) 

-Ql'Ki 






K 




1 



Estimated menu 

Ob.'^erved- 

1 Ksiiinated mean 

Observed 


for bands 

for A 

1 for bands 

for A 2569 


(0,0), J.O) 

( 3 . 0 ) 1 

1 <O, 0 ), (1,0) ( 2 . 0 ) 

13^0). 






2 

46.6 

49 '1 

46 2 

44 

3 

65 0 

67 :• 

65.0 

65 

4 

« 3-7 

81 

84.1 

81 

5 

102. 1 

104 " 

102.9 

105 

6 

120.9 

1J7 I 

122.0 

125 

7 

140.0 

138 1 

14 1.2 

148 

S 

15^ 0 1 

155 

160.2 

^59 

9 

1776 ! 

i8q 

179.3 

178 

10 

ig6.i 

199 1 

J08.4 

J99 

ir 

214 8 

215 ’ 

217.2 

218 

12 

233.2 

j 

236.5 

241 

13 

251.3 

25 * i 

2.S5.3 

254 

M 

269 5 

271 1 

274.1 

270 

15 

287.0 1 

291 

293.0 

290 


Tabi^e V 



Q2(R ■“ 1 1 

1 ~ Pji K ) 

R2.K-1) 

-Q2tK) 

K 

Estimated mean 

Observed 

H.stimated mean 

Observed 


for bands 

for A 2569 

for bands 

for A 2569 


(0,0). (1,0), <2,0) 

(3. 0) 

(0,0), (1,0), (a;o) 

(3-0) 

2 

31.4 

31 

31-8 * 

3 ^ 

3 

52 5 

56 

52.1 

49 

4 

73-0 

77 

72 9 

76 

5 

93.5 

94 

92.2 

97 

6 

114 2 

114 

ir 3 .(^ 

114 

7 i 

‘ 133.9 

132 

> 33-4 

136 

8 1 

1 154 0 

152 


15.S 

9 1 

1 173S ! 

169 

; 1733 

176 

10 

> 93.2 ! 

IQ 4 

1 19^ 2 

>03 

II 

2123 

213 j 

2123 

2Jo 

1 2 

231.4 

234 

23 1 8 

236 

n 

250.2 

250 

250.8 

254 

14 

268.6 

269 

270. 1 

271 

15 

— 

1 

288 8 

287 
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The final check consisted in estimating the values of the rotatiqaal constants 
Bs' and Bo", the method of calculating them being that previously adopted by 
the author for the bands XX 2872, 2916 and 2963. The values of these constants 
are found to be B3'=8.i3 and Bq" = 9.94 eras."*. They are in good agreement 
with those observed previously, i.e., B8'=8’o74 from the (3,1) band and 
Bo" = 9.927 from the (1,0) band. The spin-coupling constant is found to have a 
mean value -139.6 cms.~^. 

Table VI is an extension of that given in Fait I showing the vibrational 
analysis of the ()D-bands. For each band the calculated value of the null line is 
inserted in the table, the value for the (3,0) band being determined from the 
present data. 

Tabls VI 


Null lines of the OD-bands 

I 


7/ X 

\ 

1 

1 


1 

1 1 

i 

! 

2 

0 

u 32542.29 

— 

— 


—• 

1 

2215.9 

1 

— 

— 

— 

i 

I ! 

34757-3 

- 

-- 

— 

— 


2112.1 

— 

— 

— 


2 

36869.4 

2632.7 

34236.7 

— 

— 


2007.7 

— 

2008.0 ^ 

— 

— 

3 

38877.1 

2632 4 

362447 

2544-2 

33700.5 
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MAGNETIC SUSCEPTIBILITY OF TWO DIMENSIONAL 
FREE ELEC|RON GAS * 
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ABSTRACT. The paramagnetic and diam|gnetic susceptibiHtie.s of a two dimensional 
free electron ga-s have lieen calculated and th^resnlis compared with the snsceptibilities of a 
three dimensional assembly. £1 , 


The first application of Fermi-Dirac statistics was made by Pauli (1937) in 
discussing the paramagnetism of a free electron gas. It was shown by Landau* 
(1930) that on the basis of quantum mechanics there was also a diamagnetic 
contribution to the magnetic susceptibility, although on the basis of classical 
mechanics there should be no such effect. The paramagnetic effect arises due to 
the spin magnetic moment and the diamagnetic effect due to the quantization of 
the motion of the electron in a magnetic field. The tenjperature dependence of 
these effects has been investigated recently* amongst others by Stoner® (1935). 
In the first part of the paper expressions for the paramagnetic susceptibility for 
the two dimensional case are obtained. The case of diamagnetism is discussed in 
section 2. 


I. Paramagnetism : — In this section we shall consider the paramagnetism 
of a free electron gas and ignore the diamagnetism which is considered in the 
next section. When an external magnetic field H acts on the assembly of the 
electrons, the magnetic energy of an electron will have only two values— either 
+ H/i if the spin is parallel to H, or -H/* if the spin is anti-parallel to H, where /< 
denotes the Bohr magneton and is given by 


_ eh 

ju= . 

4>r»nr 


... (l) 


The magnetic moment M produced by the magnetic field H can be determined 
as usual from F, the free energy, by the relation 




(2) 


* Communicated by the Indian Physical Societv.l 
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and we obtain, proceeding in the usual way, the result * 


if——] 


... ( 3 ) 


where 


= . F.W=\ < 


In the above expressions .v has to be put equal to 3 for the three dimensional 
non-relativistic case, and equal to unity for the two dimensional non-relativistic 
case. 

However, the magnetic moment can also be determined in a more straight 
forward way by using the Gibbs free energy instead of the Helmholtz free energy 
•F, and this is equivalent to using the generalised form of Boltzmann’s law. In 
the presence of the magnetic field, let N+ denote the number of electrons in the 
assembly possessing spins parallel to H (magnetic moment opposite to H) and N- 
possessing spins antiparallel to H, and let the difference between them be denoted 
by X, i.e-t N+ = N- — :)c. Then from a well-known theorem in thermodynamicst 
we have 


log A+— log A-= 


/v’T ' 
A^ 


... is) 


where A+ and A- arc the distribution parameters (absolute activities) for the 
N+ electrons and N- electrons respectively, and are related to tj of the equation 
above by the relation t;+ = log A+, »;_=log A— 

We first consider the non-degenerate case. 

In non-degeneracy terms in equation (5) can be expanded 

in a series. We have, since / 3 =+i, in Fermi-Dirac statistics, inverting the 
series in (12) A.J 


A+ — Ai + [i + ajAi4 + ttgAi^ + 


.. (6) 


* Stoner (1935). Stoner’s result is for the special case of s « |-(Non-relativistic 3 dimensional 

case). 

f .iffeT=feT log A is called the chemical potential. 

$ (is) a refers to equation (12) of the paper on * Thermodynamic functions for two dimen- 
sional quantum statistics.* ’A* attached to an equation number will have the same significance 
in the rest of the paper. 
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where 


A— = Ai-[l +ajAi-."H a2Ai— “h ...] , 


A, « 

b(&T)*I'{s) 


Similarly 


Therefore, 


Ai_= W 2A 


A* ^ N. 
Al N- 


: ‘A 


Nfl2 -xA,+ Ua^A, 


N2-N^.N_ 


4 “i®A,‘ 


1-;’^ arid 
2 N 


2 N 


Hence i + c.iA^ + i2a^-ai^)Ai^... 


. “ Tf" _ , _ 2i*H , 2 m^H 2 _ 4 /i"H» 

A’T 3 fe=’T'^ ’ 


which gives, after a little algebra, 


I-<"lAi-2(«2-ai“) Ai2-.^ j, ... (13) 

k. ^ 

siiKe X is the number of Bohr magnetons contributing to the magnetism of the 
assembly. In non-relativistic non-degeneracy, therefore, substituting the values 
of ttj and a2 for 5=|, corresponding to the three dimensional case, 

M.:. saN.r — 

kT [ 23/2 \ 33/2 4 / 


iwhere 


feT* 


* In three dimensions 


5=3/a and 0=2^^??^^ V. 


and in two dimensions 


5 SB I and D®*2irg-^ 


where a represents the area, 


g « 2 for electronSa 
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The two asymptotic expressions (24) and (25) meet for T=To8 and the ex- 
pressions (26) and (27) meet for T=To8* 

It will be at once noticed that, for T>Toi', the non-degenerate equation (24) 
and (26) will give a better approximation than (25) and (27). For T<Toi', it is 
vice versa. Toi- is called the degeneracy temperature- When v=2, i.e., for the 
two dimensional case, we have from equation (22) 

... (29) 


and, for the three dimensional case. Ton is given by 

«n.! h~ 


Hence 


..''O.i 

_ 

ks 

4mA.* 


?/ 

I'os 

n ’7 71 


~n 3 


••• (30' 
••• (31) 


where To 3 is the degeneracy temperature in three dimensions and To 2 in t'fo 
dimensions. 

2. Diamagnetism : — We consider the case in which the electron gas is 
restricted to move in a plane, the magnetic field H being at right angles to this 
plane- The electrons move in circular orbits and the possible values of energy 
for any electron (excluding spin energy) are given by «j = 2AiH(i + i), where I is 
any integer. 

The number of states with the given quantum number I is determined in the 
following way. When the field is applied, the eleetrons group themselves into the 
nearest quantized energy level. The condition that this energy level has the 

quautum number I is that the energy of the electrons in the absence of the 


field (p is the momentum of the electron in the plane) lies in the range 

2/ttHl ^ 2^Ha + i). 

2m 


And hence, if (r denotes the area of the plane containing the electrons, the coires- 
ponding area of phase space is 2?rcr^d^=47rfrm/xH. Allowing the weight factor 
g for each of phase space, we have the number of states possible 

— /, ^ eHcr , - 


Therefore* log x + e”""' 

ch t^o I 


Stoner, loc.ctf. a is the partition fnnetion. 
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Using Euler's formula S f(l + i) f(x) dx - — fix) 


we have 


. !:i=-kTg^Mz r ^dx +^j( —i--- 

Cfe |_J J , 12\ +J 


where • Putting 2^ix-=u and siniplifying, 


we have 12= — Fj(,j^ 


._L_, 

6 e-’+i 


Therefore, N --t |i* ,= fcTF„(,), 




aH 


e + 1 


I 1 

3 kf 

In non-degeneracy A = ev «i, Fo(»/) = A, and therefore to a first order 

M.. =-^ ^>‘-’1^. 

3 '>’T 

In degeneracy i/» i, F„(i?)-i/ and to a first order 

3 V 

But from equation (22), for 


*■'02 = 


g.2rrmcr 


and therefore, in degeneracy, 


3 " 


• *T tA. ^ 

Hence the particle susceptibility for two dimensions is given by xs = **" 7^ fur 

2 ^ 

the non-degenerate case and x^2= — — for the degenerate case, where n* is 


3 


the number of electrons per unit area. 
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ON NUCLEAR SCATTERING 

By K. KAR 

(Received for pnhUcJll^on, August 25, ig^o) 

ABSTRACT. The formula for the intensity^f proton-proton scattering given by Kar and 
Basu (Phil Mag., Vol. 29 ^ p. 200, 1940^ is showj| to be in better agreement with the second and 
improved experiment of Heydenburg, Tuve and|Hafstad (Phys. Rev,, Vol. 66* p. 1078, 1939'. 
The formula was derived assuming the existenc|;of a short range attractive force of neutron- 
proton type in addition to the Coulonibian forie of repulsion. The corresponding formula for 
the deuteron-deutcron scattering is deduced in thtpresent paj^er assuming a short range repulsive 
force of the same type ; and it is found to be in gttod agreement with the observations of Heyden- 
burgand Roberts (Phys. Rev , Vol, 86, p. 1092, 1939!. Again, assuming a short range attractive 
force and neglecting the effect of exchange, a formula is derived for the intensity of scattering 
of deuteron by helium The agreement with the experiment of Heydenburg and Roberts is 
fairly satisfactory It is also shown that the correction for the relative motion of the scattering 
particle is not negligible in case of deuteron scattering by helium but may be neglected even 
at large angles in the case of proton scattering by helium. It is in agreement with the above 
experiment. 

A. Proion-Pfoton Scatiering 

Recently the theory of proton-proton scattering has been developed by me.’ 
The theory is based on the assumption that in addition to the Coulomb repulsive 
force there is a short range attractive force between the protons. The latter 
force is of the nature of th? attractive force existing between a neutron and 
a proton. The formula thus derived for the departure ( I/Imkk ) from Coulomb 
scattering, is 

cosec^^ -t- sec^tf - cosec*tfsec*^|^ i + g ^ + 

Ihkh cosec*^+sec^^-^xMec*ifee?tf 

where M, e, v have their usual meaning and g denotes the relative value of the 
scattering function due to the short range force, being taken independent of the 
scattering angle (fi) and the incident velocity (r) os in neutron-proton scattering.® 
It shoiild be noted that g is independent of the angle and the velocity only for 
high-velocity bombardments. Consequently formula (i) is strictly valid in this 
region and is only approximately true at low velocity. Now, in the paper cited 
above * the theoretical values given by (i) have been compared \rith the experi- 




J 14 K. C. kar 

mental values of Heydenburg, Tuve and Hafstad.^ The agreement has been 
fairly good for 900 k.v., 800 k.v. and 700 k.v. incident velocities. Recently 
they have repeated the experiment* more carefully and have found slight 
discrepancies- The incident velocities in their second experiment are 867 k.v., 
776 k.v. and 670 k.v. 

86; KV 


776 KV 


670 KV 


25 30 35 40 45 

Angle of Scattering 
Proton-Proton Scattering 

Figure i 

In Fig. 1, the values of 1/Imki. obtained from the second experiment of 
Heydenburg and others, for different angles of scattering are given by the dotted 
curves while the corresponding theoretical curves from (i)are drawn continuous- 
The agreement appears to be better than before. The fitting value of g at 45° 
for 867 k.v., which is used for theoretical calculations, is 4-949 x lo"’’. 

B. Deutcron-Deuicron Scattering 

The short range force in case of denteron-dcuteron interaction may be taken 
as before spherically symmetrical and independent of the incident velocity at 
least to a first approximation, although on account of the complexity in structure 
the field should have axial symmetry. Moreover, we have to suppose that in 
the present case, unlike the proton-proton and proton-neutron field, the short 
range force is repulsive. This appears to be supported by the observations of 
Heydenburg and Roberts who find that the ratio ( I/Ivn ) of the observed value 
of the intensity to that given by the MKB-formula is greater than unity even at 
smallangles. 

Now remembering that the short range force is repulsive and the weight# 
for anti-parallel and parallel spins are as 2:1, one obtains for deuteron-deuteraq 
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Mattering, on proceeding exactly as in deriving (i), 
cosec*fl + sec'‘fl + ^cosec*flsec“0 + 4 ^ 

cosec *(9 + sec'*® + ^cosec*flsec‘‘S 


where it should be noted, g is taken to be spherically symmetrical as before. The 
experimental values of the ratio for differenf angles and for incident velocities 
832 k.v., 720 k.v. and 614 k.v. are given Heydenburg and Roberts. Their 



Angle of Scattering 
Deiiteron-Deuteron Scattering 


Figure 2 

It appears from Fig. 2 that the agreement is fairly satisfactory. A better 
agreement, specially for low velocities, would have been desirable. The fitting 
value of g at 45° and for 832 k.v. incident velocity is found to be 1.605 ^ 10“'''. 

C'. Deutcron-Helium Scaiiering 

Heydenburg and Roberts (l.c.) have also determined the intensity of scatter 
ing of deuteron by helium, and have given its values for different angles relative 
to the corresponding theoretical values calculated from Bom-Rutherford formula. 
They have taken this ratio probably because they have thought that as there is 
no possibility of exchange, Born-Rutherford formula is applicable in this case 
if the force of interaction is Coulombian. 

It is clear that as the scattered deuteron and the recoil helium are easily 
distinguishable, the effect of exchange need not be considered. However, one 
should not use Born-Rutheiford formula because it does not take into account 
(i) the idea of critical approach found necessary in explaining electron scattering 
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by atoms® and (2) the error due to neglecting the velocity of the scattering 
particle. In the following it is proposed to derive general formulae of scattering 
and critical approach for any two masses of the interacting particles in a Coulomb 
field. This enables us at once to estimate the order of the error involved in 
taking Born-Rutherford formula for deuteron-heliuni scattering. 

Let us suppose that a particle of mass is at rest and that it is bombarded 
by a second particle of mass nii moving with velocity v. If we refer the motion 
to the centre of gravity of the combined system (C-syslem), it can be easily shown 
that the total energy of the particles in this system is E— iMf*, where 

wtiWig Thus we have for the wave equations in the C-system, without and 
within the potential field, 

Ax + = o (outside) 

h 


Ax + ^~(E-V)x=o (inside), 
It 


where 


zz'e’‘ 


ze and zfe being the charges of the two interacting particles. 

Now, Eqs. (3) and (4) are almost identical with the conesponding equations 
in electron scattering. The important difference is that here we have the 
effective mass in place of m the electronic mass of the previous case. Thus 
proceeding in the same way as before w'c obtain for the relative intensity of 
scattering at an angle ^ 



1 = 27r( ^ Icosec^ —cos^/eVo sin (/> d0, 

... (5) 


\ 2 

where 

sin ^ 
h 2 

... (s-i) 

and 

(cosec ♦ +iY 

... (s'a) 


It should be noted that 0 in eqs. (5)-*^ ($.2) denotes the angle of scattering in 
the C-system. Thus in order to verify the above equation experimentally, , it 
is necessary to correlate 0 with 0 the angle of scattering in the laboratory 
co-ordinates (R-system). We shall proceed to do it in the following 

As already taken, mi is the mass of the incident particle bombarding with 
velocity v and m* the mass of the scattering particle being initially at rest, ^us 
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the total energy in the R-system is iwi'u®. Let v, and vt be the velocities of the 
two particles in C-system. Elementary considerations give 


r - (6) 


as the velocities, and as the total ^ergy in the C-Systeni. Now, as 

is equal to the energy due to the motion of the centre of gravity of 
the system, we have, for the velocity of c.g.,; 

— vi ... (6-i) 

»i|+wta { 

Again, in the C-systein, the scattered paHticle has components of velocity 


Vi- 


nia 


+ ma 


nil 

T2= - 

mi+ iita , 


■V I cos ip = VCOSip 

mi +m 2 

parallel to the line of centres and 


(6-2) 


v\ sin 0 = - - — T sin 0 ... (6*3) 

m j t m2 

perpendicular to it. I n R-systeni the perpendicular component is unaffected but 
from (6’i) the parallel component becomes 


mi + nio cos 0^ 
' mi -i- m2 


... (6-4 ‘ 


Thus taking the ratio of the components in R-system we obtain at once 


sin f_. =tan 6 . 
mj + tH2 cos 0 


(6*5) 


where ^ is the angle of scattering in R-system. After easy transformations we 
get from (6*5) 


0 = 6/ + sin 


-1 


( 


tn 


sin 6 




Hencejf 


sin 0 d<p 
sin 6 0 


= 2 "^i-cos 
m2 


fe) 


1 + - cos 2(9 


a/ ' 
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( )n using the relations (6*6) and (6*7) we get for the relative intensity 
scattering at angle 0, in laboratory co-ordinates, 


I = cosec* + sin ^^|cos^fc'ro 


1 + 

2 — ^ cos ^ 4 * 

/ 


mi 

m2 


cos 2O 


V I ~( 1 sin® 0 

m2 


where 




and for the critical approach 


7'o = t’35X 


fc 


fXV ' [_ 


in|iS+ ' sin sin 

( \ I) 


)sec I 


cosec + i sin 


mi 


(7) 


( 7 ’i) 


(7*2) 


Formulae (7) — >"(7*2) are valid for interaction between any iwo ynusscs under 
Coulomb field. However, some special cases of importance are worth considering. 


Case I : If m2 » fUit Eqs. (7) — >(7’ 2) become 

^2 


I = 27 r 


A-'"' 
2m ii’® 


cosec* I cos^fe'ro sin 0 dB, 


h 


. zz^c*^ 
ro = i35^ 2 


[cosec 5 + 1]. 


- (8) 

... (8-1) 
... ( 8 * 2 ) 


For bombardment by very high speed light particles tq—^o and cos k^iQ — 
Hence (8) reduces to the well-known Rutherford formula. 


Case 11 : 
become 

If mi — mg— w, z^—z=i ; so m = o. Hence eqs. 

/ \ 2 

(7)— >-(7'2) 


I = 27r{ “1 cosec*^ cos®^'ro.4 cos 0 sin S dB 
\mv^j 

... (9) 

w'here 

sin 0 
h 

... ( 9 'I) 

and 

^o = i’35^ (cosec ^+1). 

mv 2 

•• {92) 


Eq. (2) gives the relative intensity for proton-proton scattering without 
exchange. So it corresponds to an ideal case. 
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Case III ; In case of scattering of deuteron by helium, we have 
and 2 = 1, z^*=*2. And so fwi. Hence we have from eqs. (7)— >(7*2) 


I = 2?r*iL 
4 


\ niiv^ J 


cosec^{i6-hi sin~* (i sin ^)}cos^fe'fo 
x-!c«»+ 

i jj V I - 4 sin® 0 ) 


sm{^^ + isin”’{4 ^n 0 )} 


ro = i’ 35 [cosec{i^ + ifin"^ (isin S) } + 1 J , 

niiv 


(lo) 

(lo'i) 

(10*2) 


where m\ is the mass of deuteron. 


it... 


Case IV : In case of scattering of hfelium by deuteron, we have — 
and 2=2, 2'=!. And so = imj. Hen^ we obtain from eqs. (7)-~^(7*2) 

I=27rX9( I cosec^{*i^ + isin“^ {2 sin 6»)}cos^fe'ro 

\ 1 


] i3_L. ^“^4 cos 2<9 / 

X ■<4 cos — }-sm 0 dO 


v'l -4 sm ^0 


4*'= six'll |0 + |siii’“i2sin 0 )} 

h 


(ii) 

(ii-i) 


1*35^ — ^“-'^[cosec{i<9+ ^siii ^ (jsiii 0)} + 1] ... (11*2) 

where mi is the mass of helium. It is evident tiuit in eqs. (11) — >"(11*2), 2 sin 0 
must be less than i. Thus sin 6><<i, i.e., 0 <<30''. Hence the maximum 
angle at which helium may be scattered by deuteron is 30°. It may be noted that 
similar conclusion was arrived at by Rutherford and Darwin. 

Let us return once again to deuteron scattering by helium. It is now clear 
that instead of taking after Heydenburg and Roberts (/.c.), the intensity relative 
to that given by Born-Rutherford formula one should rather take the ratio wdth 
the intensity given by (10). The error made in taking Born-Rutherford formula 
is obviously [vide (8) and (10)] 

Di . Dg ••• (12) 

where Di and D2, the corrections for relative motion and critical approach respec- 
tively, are given by 

n,= l coseclJ'^ i- ... (la-i) 

‘ 9 cosec*{itf + 4sm~'{^sm(9)} ^os l ^ ^ 

Vi “ isin® 0 


6 — 1372P 
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cos*feVo 


(l3'*) 


in which k' and tq are given in (lo’i) and (lo'a). In columns (4) and (5) of 
Table I we give the values of Di and corrected I/Io for different angles of 
scattering. It should be noted that Dj is independent of the incident velocity. 
The experimental values of Heydenburg atid Roberts (l-c.) are given in column 3. 
It is evident that the correction is quite appreciable at large angles. The 
second correction D* for the critical approach varies from 5.95 x 10* at 20° to 
2.29 at 75° for incident velocity 880 k.v. Thus it follows that at 20° Rutherford’s 
formula gives a value (as 5.95 x 10" times greater than that given by (10). 


Tabi,b I 


Incident Volt 


880 k.v. 


Angles of 
Scattering 

I (obs.) 

To (Rutherford' 

i>i 

I fobs.) 

Ifl (corrected) 

20 

0.95 ± .006 

1.002 

0.952 + .006 

25 

1. 08 + .02 

1.0025 

1.083+ 02 

30 

i.- 25±-‘^»3 

1.003 

1.254 ± 03 

35 

1.42^.03 1 

1 U04 

I 426 ±.03 

40 

I 49 + .04 

1.006 

I 499 ± 04 

45 

1.75 ±-05 

1.009 

I 766 + .05 

55 

2.44 ± .09 

1 021 

2 499 ± .05 


3 f> 7 ±i*) 

1.043 

3 202 1 .15 

75 

4 37 t -35 

I 077 

4.707 ± 35 


It may be mentioned that if as in the previous cases the idea of taking the 
bounded solution be given up, the correction Dg is dropped out and so formula (lo) 
gives for the intensity nearly same values as are obtained from Rutherford's 
formula (vide Table I). However, it should be remembered that the bounded 
solution was found necessary iti explaining electron scattering by atoms. Now 
it is evident from the last column in Table I that the ratio obtained is too high 
to be explained by the existence of Coulomb force alone. Let us, therefore, 
assume tentatively that there is in addition a short range attractive force having 
radial symmetry as in neutron-proton interaction. Now, because the effect of 
exchange need not be considered unlike the case of interaction between two 
similar particles, we find from (5), without taking bounded solution> 


c* ^ g cosec" • cos fc'r 0 +41 ~ 


cosec* 
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where lo is the intensity for Coulomb force only, 0 is given in (6.6) and g has the 
same meaning as in (i) and (2). As in the present case and 3=1, 2'= 2, 
we have from (13), on substituting for k' and ro from (51) and (s’a), 

cosec*^0— cosec^ip cos{i. 

I ^ f (_ 

lo cos^*ii?< 

••• 




Angle of vSeattering 
I )cuteri)ii-lleliuni Scattering 


Figure 3 


The theoretical values for different angles of scattering and for incident 
velocities 8S0 k.v. and 657 k.v. are obtained from (13. i), and the curves are 
drawn continuous in Fig. 3. The corresponding corrected experimental values 
{vide Table I, Column 5 for 880 k.v.) are given by the dotted curves. The 
agreement, it appears, is fairly satisfactory. The value of^ g used in the theo- 
retical calculation is 2.701 x It is its fitting value at 75® for incident 

velocity 880 k.v. 

D. Proton-Helium Scattering 

In the case of scattering of proton by helium we have m2=4mi and 
so/x=t»ni and 2=1, 2'=2. On substituting these values, the intensity and the 
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critical approach are readily obtained from (7) and (7.2). The correction for the 
relative motion is also easily obtained, and we have 

„ _iB cose c* i_ _ / .s 

* ^‘•'cosec* {ifi + isin~* (Jsin^)} ,9+ i_±icos2£_ 

'^i“T^sin®^ 

From the above we find that for ^=45°, Di = i.ooi. Thus the correction is 
negligible at least up to Consequently, Rutherford’s formula (7) (after 
dropping the factor cos feVo for reasons explained before) should agree up to 45® 
angle of scattering. This is also supported by Heydenburg and Roberts {l.c.) 
who find that for angles of scattering between 20° and 45°, their observed 
intensities are very nearly equal to those given by Rutherford’s formula. 
However, it should be noted that in using Rutherford’s formula it is implicitly 
assumed that between proton and helium there is no short range force as in 
neutron-proton interaction. It is rather difficult to support this assumption in 
view of the fact that in all the previous cases we have already assumed the 
existence of such a force. 

It appears to me that the above difficulties cannot be removed unless the 
question of bounded solution is settled. Further, we have supposed the short 
range force to be spherically symmetrical even for deuteron and helium. 
But for such complicated nuclei the force should have some axial symmetry. 
Attempts to improve upon the present theory on these lines will be made in 
future. 
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CIRCUMZENITHAL ARC TANGENTIAL TO A CORONA 

OF 46^^ 

By S. B. L. MATHUR 
Physics Department, Lijicknow University 

(Rcccivcii fa) publicatid^^ fauna) ig^i) 


INTRODllfcTTON 

. I- 

The object of the present paper is, prifeiarily, to describe a rather unusual 

’. 1 , 

optico-ineteorological phenomenon, and, gtcondaiily, to ofi’er a probable expla- 
nation. It must, however, be made clear that, as no nicasuriug instruments of 
any type were available at the time of the occurrence of the phenomenon, accurate 
observations could not be taken. The explanation here offered is, therefore, 
merely a qualitative one. 

D n vS C R I P T I O N OF THE PHENOMENON 

The phenomenon was noticed by the author, at Lucknow, on the qth of 
vSeptember, 1939, Iretween 4-45 p.m. and 5-5 p.m. It must, hovrever, have been 
in existence sometime earlier than 4-45 p.m as another observer, Mr. Rabat 
Husain Rizavi, then a student of the B.Sc. class in this University, who very 
kindly lent to the author his notes taken at the moment of observation, recorded 
4-20 p.m. as the time when he noticed the phenomenon. 

It had rained earlier in the afternoon ; and the sky, which was full of cirro- 
cumulus clouds around the zenith and of a stretch of dark cloud, probably of the 
cumulo nimbus type, in the west and in the south, was just clearing. The 
author is not quite sure of the exact variety of that cloud as the formation was 
rather complex. He, however, later on learnt from a meteorologist that there 
were widespread thunderstorms in the west United Provinces on that date. 
Hence it is concluded that in the complex formation there must have been a 
good deal of cirrus spreading from the top of cumulo-nimbus clouds. 

Some distance down the zenith towards the west there w'as, what appeared 
to the eye, a brightly coloured arc with its centre at the zenith and curvature 
convex towards the sun (arc no. i). The red or orange hue, which was outer- 
most, m., towards the sun, was followed by yellowish gicen and then greenish 
blue in the interior. The length was short— about one quadrant ; and the plane 
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of the arc hccnicd to Ijc Iioi izoiita! — at any rale it was not sliarply mclincd to the 
horizontal with the summit liiglicr than the ends. 

Tangential to the above arc was anotlier (arc no. 2). But this was concave 
to the sun with the red or orange line outerniost, viz., away from the huninary, 
followed by yellowish green and then greenish blue in the interior. The reds 
of the two arcs oveilappcd each other at the siinunit thus forming a tangency. 
The hues were less bright, but the ladius and length were much greater than 
those of the first arc. 

Further down the west, there was a third arc w ith a still bigger length but 
so faint as to be seen wdth difficulty. The sequence of liucs was the same as in 

arc no. 2. 

One had to face the sun in tlie west to see the three arcs. 

The author saw the pheiionicnon from a small couityard measuring 15' by 
13', Unfortunately, as no measuring instruments of any type were available 
at the moment the author had to content himself w ith recording the sequence 
of hues and fixing in his mind, as well as he could, the position of the three 
arcs in the sky with the help of the various details in the courtyard hoping to 
make angular measurements with the aid of stars occupying analogous altitudes 
later on. In the absence of instruments it was fortunate that the courtyard was 
rather small as the position of the arcs could be better fixed in it than in an open 
space where no reference points would have been available. But, the rainy 
season being not quite over, it took quite a long interval of time before the sky 
was found to be clear at nights and any stars w^ere found to occupy analogous 
altitudes. However, observations were made on various dates and at different 
times of the night. But it is obvious that, as our eyes are not trained to judge 
angular distances in the region of the zenith and as measurements taken long 
after the event are liable to be vitiated for faults of the memory, the data collected 
cannot be expected to have any great accuracy. The following observations 
will show for themselves the extent to wdiich they may be relied on. 
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MIE^ASURBMENTS 

The altitude of the sun at 4-45 p.m. on the 9th of September, 1939, was 
kindly calculated for the author by Prof. J. A, Strang, Head of the Mathematics 
Department, Lucknow University, as nearly 39 degrees. 

The following table is given to show n&ughly the position of the three arcs 
in the sky. The angles were measured with a sextant. 



D I vS c u vS vS I o N 

It is obvious that, as tlie above obserxations were, at the best, very rough, 
they can scarcely serve as the basis of any conclusions. The author is, however, 
sure of the accuracy of his observations as regards the sequence of hues in 
the arcs as he took notes about this at the time of the occurrence of the 
phenomenon. As a matter of fact, the sequence of hues w^as the only aspect 
of the phenomenon about which he could be sure. Further, when difficulties 
were found in explaining the event, the author had the good fortune of 
having his observations in this lespect corroborated by the independent evi- 
dence of Mr. Rizavi, who saw the phenomenon from a place about 3 miles to 
the north and recorded his observations at the time of the occurrence. Mr. Rizavi 
did not see arc no. 3 which at 4-45 p.m. w^as found to be very faint by the author. 
The explanation here offered is, therefore, entirely based on the sequence of the 
hues in the arcs. 
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(1) Arc no» i 

At first the author thought that the arc no. i was a rainbow of the 3rd or 
the 4th Older, as it was visible on the same side as the sun. From the simple 
relations 

cos I— 

and D=->(/“-r) + n(n--2r) 

it is easy to calculate that for the red H-line A = 6562.9 A°, ft being equal to 
i.33ii» the angle D, of deviation, for 12 = 3 and 17=4 are (27r“42® 30') aod 
(37: — 137® lo'J respectively. The deviated red rays will, therefore, make angles 
of 42°3o' and 42^50' with the horizontal for the tertiary and quarternary rainbows 
respectively. Since the sequence of hues in the tertiary is the same as that in 
the primary, viz., red outermost, the arc should be a tertiary rainbow. Further, 
the section made by the screen of water drops of the cone formed round the line 
joining the sun with the observer and having an angle of 42^® will be convex to 
the luminary — just the type of curvature found in the arc. 

But there were two main reasons which went against the view that the arc 
was a rainbow. Firstly, the intensity of the hues was so wStrong as to be com- 
parable to a primary bow^, whereas, in a tertiary, the intensity should be 
extremely small. Indeed, although cases arc on record when, under excep- 
tionally favourable circumstances, tertiary, or even quarternary, rainbows have 
been seen,^ some authors go so far as lo say that rainbows of order higher than 
the second are not to be seen in nature.” ^ vSecondly, the centre of the bow must 
lie on the line joining the observer to tlie sun so that the plane of the bow must 
be steeply inclined to the horizontal. The author is quite definite that the arc 
seemed to lie more or less in a liorizontal plane and had its centre at, or near, 
the zenith. 

As the arc wsls convex to the sun, the former could not have been a halo or 
a corona. But, all indications point to the conclusion that it was a circum- 
zenithal arc. 

A circumzenithal arc is an arc of 90®, having its centre at the zenith, and 
is seen at some 46°, or a little more, above the sun. It is said that it lasts only 
a few minutes, but during this time it is often so brilliantly coloured—ied on the 
outside to violet inclusive — as to be mistaken for an exceptionally bright rainbow. 
It occurs most frequently when the altitude of the sun is about 20® and at times 
when the parhelia of 22® are conspicuous. 

It will thus be seen that, apart from the absence of parhelia, the description 
of the circumzenithal arc tallies in all essential details so well with what was 
actually observed that one feels almost certain that arc no. i was a circumzenithal 
one. The presence of cirro-cumulus clouds, thus ensuring the existence of ice 
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crystals necessary for the producticii of the arc, the inclination of 47® of the 
arc with the sun, the intensity and the sequence of the hues and, finally, the 
location of the centre at the zenith — all point to the same conclusion. Inciden* 
tally, it will be seen that the mean of the various values found for the distance 
of the arc from the sun, vis., 47®, appears to be wonderfully near the mark— 
a strange coincidence. 

In passing, it may be added that -circuinzenithal arcs are formed when the 
principal axes of a large portion of ice crj^tals are practically vertical, i.e., when 
the snow crystals are largely columnar w|th tabular caps, or more likely, perhaps, 
merely tabular. They have been explained by Bravais •*’ as being due to refraction 
of light through snow crystals in still or Readily flowing air, when the crystals 
keep their principal axes substantially ^^Jvertical. Since they are formed at an 
angle of 46® with the sun, they will be tangential to the 46® halo, if the latter 
also occurs at the time. | 

(2) Arcs nos> 2 & j 

Since arc no. i has been established to be a circumzenithal arc at a distance 
of 47® from the sun, the radius of the concave arc no. 2 must be 47®. This fact 
emerges from the observation that the two arcs were tangential to each other at 
the summit and is apart from the measurements which are, by no means, to be 
considered as accurate. The measurements, however, hai)pen to confirm this 
conclusion, and one feels inclined to believe that the measurements made on the 
3rd arc may not be very incorrect 

Arcs round the sun at angles of 46® and, presumably, 22® occurring in the 
presence of cirro-cumulus clouds have every chance, of being the well-known 
halos of 46® and 22®. However, the colour sequence, viz,, red outermost, is 
definitely of the type that occurs mainly in diffraction and not in refraction 
phenomena. Further, it is well-known that, of the tw'o, the 22® halo is the more 
intense, whereas the o{)[)osite was found to be the case — the arc nearer to the 
sun being scarcely visible. It is true that diffraction also may play a r61e in 
the formation of halos. Visser ^ has taken diffraction into account in an attempt 
to explain better the features of a halo, but, even then, the red hue occurs at 
the inner edge and not at the outer. 

Hence, unless there is some particular process of refraction of light from 
snow' crystals, which is hitherto not known, and, which produces halos of 46° 
and also of about 22®, with the colour sequence reversed, the arcs in question 
will have to be classed as coronas. On the other hand, coronas with such well- 
defined rings of large angles like 46® have never been known to occur. The 
only instance of large-radii corona known is that of Bishop s rings which were 
observed in 1883, and again in 19031 after the eruptions of Krakatoa and Mt. 
Pelee respectively, and had a radius of only 22® for the red hue. Iridescent clouds, 

7-- 1372P 
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which Simpson ” and Brooks* hold to be portions of coronas, and are produced 
by the diffraction of light by water drops, have been found by the latter to occur 
at even 6o° from the sun. But, the author did not notice any colour patches 
of which the arcs 2 and 3 could he considered as end fringes. 

It will, perhaps, be of interest to derive the size of the diffracting particles 
for rings of size 46° and 22® respectively. As the intensity of the 46® arc was 
greater than that of the 22° one, it would be reasonable to postulate that the 
former was not merely a higher order corona of the latter. Hence, there must 
have been diffracting bodies of two different sizes present in the atmosphere. 

Using the simple relation ^ = A/2a the size of the drops responsible for the 22° 
corona would be i-g /a and of those producing the 46® one would be 0*9 fi. 
It will thus appear that the size of the diffracting body is about the same as that 
of the light waves themselves. It must, however, be said that the relation 
between the radius of the corona and the size of the diffracting body has not yet 
f)een satisfactorily worked out in the case of very small water drops 

The author would like to thank Prof. J. A. vStrang of the Lucknow University 
for kindly calculating the altitude of the sun, Mr. Rabat Husain Rizavi, B.Sc.. 
for placing his records at the disposal of the author thus enabling him to confirm 
his observations about the colour sequence of the arcs at the time when he began 
to doubt their correctness, and Mr. R. K. Joardar, B.vSe., for drawing the 
diagram for this paper. A few other gentlemen also helped the author with 
their verbal reports, but, as they had not made any accurate records, their 
evidence was not of much value beyond corroborating some of the features of 
the two tangential arcs. 


vS TT M MARY 

A remarkable optico-meteorological phenomenon wes seen in Lucknow 
on the gth of September, 1939, between roughly 4 and 5 p.m. Although no 
measurements could be taken at the time, the author, from considerations of 
the intensity of the hues and their sequence in the two tangential arcs in the 
sky, concludes that he saw a circunizenithal aic tangential to a corona of 46°. 
Further, he found another arc further down in the west which was probably 
another corona of 22®. Although coronas of such large radii have not been 
known and radii of 46® and 22® are strongly suggestive of the w’ell-known halos 
of those angles, the sequence of the hues is definitely in favour of tw’o of the 
arcs being coronas and not halos. If the conclusions drawn are correct, this 
I>aper gives the fii si record of a circunizenithal arc being tangential to a corona 
and of the possibility of coronas of large sizes like 46®. 

Phv$ics Dkpautmknt, 

' * Lucknow pNivivusitv. 
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ABSTRACT. The Drift current. Dynamo atiA Diamagnetic theories of the radial limitation 
of the general magnetic field of the sun are ^scussed in the light of the present knowledge 
of Physics. In the first article a summary is giv 4 i of the mathematical results, obtained in a 
previous paper of the authoress, for the beh^iour of an electron in electric, magnetic and 
gravitational fields. In the .second article the resilts arc applied to anulvse the drift current 
and dynamo theories of the radial limitation 1$ a .solar atmosphere of isothermal equilibrium 
under gravity. In the third article the diamigiietic theory of this limitation ha.s been 
developed, the diamagnetism being now induced, not by the classical method of Schrodinger, 
but by the quanti.satiou in the motion of the electrons in the magnetic field. It is concluded 
that according to none of the.se thcoric.s the magnetic field can be radially limited to the 
extent as found from the observations of Hale in 1913. Similar conclnsion.s seem to follow 
from a study of the polarisation of non uniform rotation of the .sun in its magnetic field. 


INTRODUCTION 

One of the greatest triumphs of the application of the spectroscopic methods 
to Astrophysics is the discovery of the magnetic field of the sun. The study of 
the polarisation of the doublets of the absorption lines in sun-spots and its 
comparison with that of Zeeman effect led Hale/ in 1908, to the discovery of 
strong magnetic field of the sun-spots, the intensity of which in the case of 
large spots amounts to even as large as 4000 Gauss. The discovery gave a 
stimulus for the search of a general magnetic field of the sun and thanks to the 
untiring perseverance of Hale and his collalxirators in Mount Wilson Observatory, 
who at last announced in 1913 that the sun possessed a general magnetic field 
much like that of the earth with the following principal properties ; 

(i) The magnetic axis of the sun, like that of the earth, was found to be 
not coincident with the axis of rotation but situated at a distance of 4® from it 
and revolving round it in a period of 31.5 days. 

(u) The magnetic field, though similar in some respects to that of a uniformly 
magnetised sphere, showed distinct deviations from it in the distribution of 
intensity with respect of latitude. Taking the sun to be a uniformly magnetised 
sphere, the polar intensity of the field has been estimated from the observations 
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as derived from two different latitude zones (-10® to +10°) and ± (10® to 45^) 
and the estimates are found to be very different, that from the equatorial regions 
being 1.84 times as great as that from higher latitude zones. 

{Hi) The magnetic field intensity was found to decrease rapidly outwards in 
the radial direction falling from 150 Gauss (after the correction of Rosseland) 
to an amount (perhaps 30 (jauss) too small to be measured between the base and 
top of the reversing layer. The decrease was estimated to take place in a height 
of about 300 Km. 

Different theories have been put forward by Chapman ® and Gunn ® to 
explain the cause of the radial limitation of solar magnetic field. The methods 
of both are based on a consideration of the motions of the charged particles that 
exist in the solar atmosphere under the action of magnetic, electric and gravitational 
fields of the sun. In general, when a charged particle on the surface of the sun is 
subject to a horizontal and south to north magnetic field, the vertically down- 
ward gravitational field and the vertical electric (upwards for ions and downwards 
for electrons according to Pannekoek-Rossclands’ Theory) field of the sun, as is 
really the case at the equator, it would describe a cycloidal ]:)ath in a plane at right 
angles to the meridian plane together with its motion along the horizontal 
magnetic field. The motion may therefore be resolved into two parts : a tran.sla- 
tional motion which is in a direction perpendicular to both the fields and motion 
in a helix with its axis of spiralling along the magnetic field of the sun. 
The first part is known as drift current and has been considered in details 
by Chapman. He shows that, as a result of this drift, the charges of opposite 
signs separate out in opposite directions resulting in a net eastward current in 
the solar atmosphere which reduces the magnetic field rapidly outwards along the 
radius. According to Gunn, however, the limitation is brought about by the second 
part of the motion, namely the spiralling of the electrons tound the magnetic 
field, which, he showed, would produce diamagnetism in the solar atmosphere 
and reduce the field in the required manner. Gunn’s method is based on an 
idea which has been used by Schrddinger to explain the diamagnetism in metals. 
The electrons in a metal under the action of a inagnetie field describe circular 
arcs in their free paths due to Lorentz force and this produces diamagnetism, as, 
according to classical electrodynamics, the electrons describing circles are 
equivalent to magnetic doublets whose axes are in a direction opposed to the 
applied magnetic force. 

Though the results of Chapman and Gunn agreed fairly well with the 
observations of Hale, it v\as shown later on by Cowling^ in two consecutive 
papers that such an agreement was really spurious. He showed that none of 
these explanations was tenable in an atmosphere of thermodynamic equilibrium, 
the effects of Chapman and Gunn when properly considered being cancelled out. 
Because of this failure Ferraro made a fresh investigation of formulating the 
‘ Dynamo ' theory of the radial limitation. In this theory the eastward airr^t, 
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necessary for the limitation, is prodMced by the motion of the vSun ’s atmosphere 
in meridian planes across the radial component of the magnetic field, the motion 
being, as suggested by Bjerknes, from the poles to the equator with a back 
poleward current beneath. The theory was already considered by Chapman but 
the effect produced by this way was shown by him to be quite negligible. 
But Ferraro’s investigation showed that appreciable limitation of the field 
could be obtained if the mean velocity l-of the atmosphere along the meridian 
corresponded to the motion of sun-spots ^rom latitude 45'" to the equator in 
II years. It w'as supposed that such a, motion of the solar atmosphere might 
result from the unequal heating of the pole^and the equator but a calculation of 
Eddington® showed that velocity for thjp cause was far too small to l>e of 
importance. 5 

Thus we find ourselves faced with a d^emma The failure of the attempts 
to explain the radial limitation of th^ general magnetic field of the sun 
tends us to suspect the genuineness o| the observational evidence for its 
existence.’’ Before we can definitely qintstion about the existence of such a 
limitation it is desirable that a fresh theoretical investigation along the 
line of present developments in physics should l)e made to clarify the present 
position. It should be mentioned that there are some obscurities in 
Cowling’s method of calculation. Further we know today that the diamagnetic 
effect considered by Gunn after Schrodinger’s method is really spurious. It has 
been shown by Eandau * and Darwin ® that under the action of a magnetic field 
the motion of the electrons is no more continuous but descrete, or quantised as 
it is called and the change in energy induced by this quantisation is responsible 
for the observed diamagnetism in metals. The whole problem therefore requires 
a thorough revision on a more rigorous mathematical basis incorporating into it 
the new outlook about the behaviour of the electrons in a magnetic field. This 
will be attempted in the present paper. In the first part we shall summarise 
the mathematical results for the behaviour of an electron in electric, magnetic 
and gravitational fields. In the second part we discuss the results of Chapman 
in the light of our present theory. In the third part we develope the diamagnetic 
theory as the cause of the radial limitation, the diamagnetism being induced, as 
mentioned above, by the quantisation of the motion of the electrons in the 
magnetic field. 


BXPRESPION FOR THE CURRENT DENSITY") 


The current density, I, t.e., the total charge passing through unit area 
in unit time is defined by 



V fidKxdK,,dK 


(1) 
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where /i, the change in the distribution function of the electron due to resultant 
action of the electric and magnetic fields on the one hand and the interaction 
between electrons and ions on the other hand is given by 


f — fo + fi 


- (a) 


/ and /o being the P'ermi distribution functions in the presence and absence of the 
fields respectively. 

/i is determined from the usual Maxwell-Boltzmann’s equation 


Vi * r' )+ i(*'' V y -'i 

F being the total Loren tz force acting on the electron. 

Thus r 1 

F=X + ^ H 


... (3) 


(4) 


w here the first term X includes all the forces, electrical, electrostatic, gravi- 


tational, etc., and the second one gives the force due to the magnetic field H. « is 

the wave vector, v is the velocity of the electron and r is the time of relaxation. 

Solving equation ^3) for /i and substituting its value so obtained in (1) we 
obtain after some simplifications 


u here 


= KV + L V «... 1 + M ,. ( u,^ V 

V 

... (5) 


... (6) 

K^dKxdXpdK, 

... (7) 

r’ K^dKrdKtidXi 

2 ehH{i_.At ^ 

... (fl 

V = X- /- grad-^A 

A ' 

. . ! 1) 

_ nh^ eH 

2 (a»rmfeT)S ’ 

... (10) 
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n being the number of electrons per unit volume. 


Before we discuss the theories of the limitation some remarks regarding the 
approximations to be used in our mathematical calculations for the evaluation of 
the integrals occurring in the current expression are necessary. It is to be parti- 
cularly noted that the integrals (6), (7) and (8) can only be evaluated in the two 
limiting cases, namely when the electj-ons are or are not free to spiral between 
two collisions. 

i e., (/) rw, » ij! H » H„ 


- (ii) 

or (»•) tm, « 1, II « Ho. 


... (12) 

Ho being a limiting magnetic field defined by 



TT _ 

■no dir f 

cr 


... (13) 

where r =1,89 

J 


... fi 4 ) 

J = log 

t-dl 


- (15) 

fr \2 

f = 3*3 X — 


... (16) 


n 


and s = number of free electrons per atom, n ' = number of ions per unit volume. 

We have calculated in the following table the values of Hq at the base and 
the top of the reversing layer. It shows that the spiralling of the electrons has 
already begun to be prominent even at the base of the reversing layer. We shall 
therefore use the approximation (ii) in our present calculations. We have also 
added in the table the conductivities (Ti and erg ; ctj is the conductivity in the 
radial direction and erg the conductivity in a direction at right angles to the 
meridian plane, which we call the transverse conductivity. 


in 0 c. 

T in "K 

1 H in Haiis.s 

j Hq in Gau.s.s 

( 7 , inRvS.U. 

j (72 in K.S.U. 

5 y io'“ 

550 <^ 

,50 

vC 

i 

1 

6*1 X 10^® 

4*8 X 10^* 

a -5 ^ 10'* 

5500 

1 'll) 

i J 

: 3*4 

j 1 

4*6 X j 

1*2 X 10** 


The first set of values corresponds roughly to conditions at the base of the 
reversing layer, whereas the second set gives the values at a height of 300 km. 
We have assumed thereby that the gas is singly ionised, 2=1. 

8 — 1372P 



136 


B. Majumdar 


DRIFT current AND DYNAMO THEORIES 
OF RADIAL LIMITATION 


Drift Cunent Theory; We specialise the problem. We take the current layer 
at the equator. The gas is assumed to be in isothermal equilibrium under gravity, 
the density changing exponentially with the height. If X-axis be taken vertically 
upwards and the Z-axis horizontal in the south-north direction, the Y-axis will be 
horizontal and eastward. The electric and magnetic fields will vary along the 
X-axis. We obtain the current in Y-direction, i.c., the drift current as 


or we obtain 


I. 


-L 



A 



(17) 


I. 



feT 

n 



(18) 


where I, is given by (7). 

In X we must include, as mentioned before, gravitational as well as a vertical 
electrostatic field which is set up by the tendency of the light electrons to spread 
out farther in the vertical direction than the heavier ions ; the drift due to electric 
field, as is evident from (18) and (7), being the same for the ion and the electron, 
no electric current will be produced and hence we shall leave this out of account 
from our present discussion. The electrostatic field developed on the sun’s 
surface has been discussed by Pannekoek, Rosseland and Milne ; it is of the order 
of 4370 Volts. The electrostatic field will be such that 


cE= -m,)g. ... (19) 

This is upward on the positive ion, and downward on the electron ; hence 

'X.— -m,g—\{mt-me)g— + ... (20) 

The same force will also be acting on the ion. 

(I) Now in the case of homogeneous atmosphere in which density is 
constant the expression (iS) is reduced to 


= -l-w,)g ... (21) 

2 Wf ' ' 

and further taking the time of relaxation to be constant, we obtain from (21) and 
(7), by putting 


I 

V 


R = 


myc 

eH 


where l=meau free path and R is the radius of the spiralling. 


I.= 


_ nc 


/® + Rf aH 

which is exactly the Chappiap’s expression. 


(»I< -H IH,)g 


(32) 


(33) 
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(II) But when the atmosphere is not homogeneous, we have 




2kr 


(24) 


where wq is the number of particles at the base of the reversing layer. 

Thus from (18), (20) and (24) we obtain 1^=0, that is, there is no current in 
the eastward direction. Thus we see dearly that Chapman’s drift current in 
eastward direction is completely mask^ by westward current produced by the 
inhomogeneity of the gas. Drift current theory therefore fails to give any limi- 
tation of the solar magnetic field. 


Dynamo Theory : In Dynamo theory, as already mentioned, the requisite 
eastward current is produced by the m<|tion of the gas in the solar atmosphere 
from pole to the equator in the meridian plane across the radial component 
(though very small, indeed) of the sun*s magnetic field. The eastward current 
due to induced electromotive force is therefore given by 

H. =- col » ... fas) 

where wc have taken after Ferraro*'’ 

coiO (26) 

r 6 


which is correct at least in order of magnitude and where 0 is the colatitudc of 
the region, ro is given by (29), v is the velocity of the gas in the meridian plane, 
Hr, are the radial and horizontal components of the field and erg is the trans- 

verse conductivity. 

Now since 


47r dr 


(27) 


we obtain by neglecting the variation of ? compared with a, the radius of the sun. 


_ 1 


(28) 


where 



(29) 


We now take ^^45° and assume that the motion of the solar atmosphere in the 
meridian planes to be due to the unequal heating of the sun at the poles and the 
equator owing to the solar rotation . In this case the velocity v comes out of the 
order of I o’" ^ cm. /sec. as shown by Eddington. Substituting these values of ^ 
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and V and taking ctq from the table given before we find that the Dynamo theory 
becomes quite inadequate to explain the required limitation as observed. 


R IC V I S B D D I A IVI A CJ N E T I C T H li U R Y OF RADIAL 

L I M 1 T A T I O N 


Following the methods of lyaiiclau, Darwin, Peirls and others it can be proved 
that the motion of the electrons of an ionised atmosphere in the presence of a 
magnetic field becomes quantised and it is this quantisation which renders the 
medium diamagnetic, that is, equivalent to a distribution of intensity of magneti- 
sation directed opposite to the original magnetic field at each point* As this 
quantisation effect is entirely a quantum mechanical phenomenon having no ana- 
logy in classical physics and the deduction of the formula for the intensity of 
magnetisation is fundamentally different from that of Schrbdinger and Gunn, we 
prefer to give first a short deiivation of the formula. The quantisation is due to 
the fact that the circular motion of the electron in a plane at right angles to the 
direction of the impressed magnetic field can be resolved into two harmonic 
motions vibrating at right angles, which can take up only descrete energy values 
in quantum mechanics. 

Let the magnetic field H be parallel to the Z-axis. Then the motion of the 
electron will be composed of two parts — one linear along the Z-axis and the other 
circular, hence quantised, in the plane XY. The energy will, therefore^ be given 
by 


"t” Cjoiig’— (2W "H l)^iH "h 




2 m 


••• (30) 


where ju is the Bohr magneton = — ... (31) 

4 n'mc 

and n the quantum number. 

To find the magnetism w e must first calculate tlic energy of the system. 
Following the usual method of statistical mechanics, we have 


N = 


2V 



idp,rdpydpt—2V 


Iff 


fdKxdKydKt 


(32) 


with the transformations 

we have 

Now 


K*=KCos“, K» = Ksina, 


N = 47rV 






-K*) 


■2m nH 

* 


••• (33) 
(34) 
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H « 


J OO 

-0 


2 mkT''‘ 

c dK. .c 


(ill + i)^H 

" kT 


(35) 


or, since 


I ^-(211 + 1)3; 1 

2 sinh y 


« *0 


we obtain by integration 


M- 2V /iH , 

N= (znmkth- — Vi'. 

^ sjnh 


(36) 


Or, since 


/aH 

feT 


kT 


«i. 




(37) 


Or, introducing A, the value of Au without the magnetic field, which is 
equal to 

n/j* 


» 

2 ( 2 JrmfeT)- 


we obtain 
The energy is now given by 




- (38) 


E=B’^ym,AH ^ r 

h'‘ "=>o J 


.SffVm/xH A V 

■ " h* H n'To 


£ 


/|2 


A. 


{( 2 W + i)/uH+ - - k'I Vc 

I 2 m 1 


or since 


5 (2n + i)/MHe 


(2n + i)/aH 

kT 


MeO 


=/*H 


h'^ 2 ( 2 h + i)/iaH 

2niZ-T''‘ kT 


kT 


cLkc 


asinh^^' 

kT 


^ .(airmfeTll ] mH coth-^ + 


sinh 


It 


feT 


— (39) 
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Expanding coth and sinh ^ and substituting the value of we ob- 


tain after some simplifications, 
E 






... (40) 


Kor H = 0, average energy is thus reduced to E = ffeT. 

The intensity of magnetisation due to the quantisation is, therefore, given by 

... (41) 


, _dE __ 3 

d H 3‘ feT ' 


Now, since at the equatorial regions where we chiefly confine our attention, 
H is approximately horizontal, the layer is everywhere tangentially magnetised 
and the potential at a point P(R, 0 , </>) due to the magnetised shell of radius r' 
will be given by 


a 




.. ( 4 !) 


where r is the distance between P and any point Q (r, B', <p') on the shell. Thus 


r 2 = R 2 + r'*-2Rr'cos A, 

where cos A=cos 0 cos O' + sin B sin B' cos(<l>—<p'). 

Integrating partially we have from (42) 


(43) 


a.''"""'''] 


sin B'dB'd<p' 


r'^ sin B'dB'di> 


where 


<r= — 


r'sini 9 ' dB' 


(Is/ sin B'j. 


(44) 


(45) 


The potential at P is thus equivalent to that due to a distribution of magnetic 
matter of surface density a- given by (45). 

Since <r is a function of B> only and not f' it can be expanded in a series of 
zonal Harmonics. 

Thus cr=S o-«P«(cos fl'). ••• (46) 

n 

where is the coefficient of the zonal Harmonic of order n and given by 

Jfi)o-{fi)dfi. ... (47) 


<r.=-22^p. 
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^ + — cos A 


S m\ 1 P»m(cOS a) j 


... (48) 


R being less than as P is an internal point. 


Thus, i2„=dr'SS <r„ 




P«ii^)Pm(cos A) d/id<l>' [/u=cos (?'] 


= 47 rdr'S — — ■ — r^ r~ Pm^cos 
«2n + i r'“ * 


... (4y) 


The magnetic force F at P, which is iqual to is thus given by 

R dfr 


V = 4rrdf'^' dP4cos<?) 


« an + I r” 


... (50) 


As we are considering the regions very near to the spherical shell, R will Ijc 
approximately equal to r' ; so that with the help of (47) we obtain 


F = 2rdt' S C P«(ju)o’(/*)dM . 


- (51) 


Now in our special case when the value of o- is given by {45) with I^, taken 
from (41) the above expression becomes much simplified and we obtain at oqce 


i6n- n/x'^ u dr' 

~ V'Tt ’ 


••• (52) 


where H^ = Hr sin 0, H, being the value of the magnetic field at the equator 
so that the change dH in H due to a layer of thickness dr' is 


jxj — 16“ -u 

W 7 • 


••• ‘53^ 


Since we may neglect the variation of 1' compared with n, the radius of 
the sun, it follows from (53), when we remember 


n = noe 


H _ _i6n 

Ho, 9 


-Mgr, 




(54) 


••• (55) 
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Here M is the average mass of a particle in an atmosphere of Russel Mixture. 


When 


M.gr 

feT 


«T, H=Hoe ’0 


(56) 


_ feT 

and when H = Hoe ^^’'0 ... (57) 

k 1 

where Ho is the value of H at the base of the reversing layer and 


= QfeTa , 

l6xrwo/x^ 


(58) 


We, therefore, find that aceording to the Diamagnetic Theory, the Magnetic 
field first decreases exponentially with the height reaching a constant value when 

feT 

the height is large compared with loo km. Though this result seems to 

Mg 

be in accordance with the observations, a little calculation shows that the value 
of ro is so large as to produce no decrease at all of the magnetic field in the 
sun's atmosphere. 


CONCLUSION 

We are, therefore, led to conclude from the above considerations that none 
of these theories can be a proper explanation of the radial limitation of the solar 
magnetic field as observed by Hale in 1913. Theie is no a priori reason also 
why the Sun's field will have such a limitation when there is no such thing in 
the case of the Earth's magnetic field except that it decreases with height according 
to Schmidt's formula. Similar conclusions have also been reached by Ferraro^ ^ 
from a study of the polarisation of non-uniform rotation of the sun in its magnetic 
field. He has shown that for the polarisation to be set up the angular velocity 
of the sun should be constant over the surfaces traced out by revolving the 
magnetic lines of force around the magnetic axis and which would mean no 
limitation of the radial field. It may be noted in this connection that the recent 
investigation of Millikan and Neher^® on the latitude distribution of cosmic ray 
intensity and its theoretical analysis by Epstein show that the sun is surrounded 
by a magnetic field whose intensity at the polar region should be about 55 Gauss. 
It will be interesting if the cosmic ray investigations in this line can furnish an 
evidence for the existence of this radial limitation. 

My thanks are due to Dr. D. M. Bose, the Director of the Institute for 
his kind interest and encouragement and to Dr. R. Majumdar for discussions. 

Bosk Research iNsritmrE, 

CUCUTTA. 
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THE USE OF PHOTOGRAPHIC PUTES AS AN AID TO 
COSMIC RAY INVESTIGATIONS * 

By D. m. BOSE 

This is the second occasion on whii^H I have the opportunity of addressing 
an annual meeting of the Indian Phj^sical Society. The past year has been 
marked by an intensification of the war In Europe, by an increased effort made 
in this country to produce in larger meagre the materials required for a successful 
prosecution of the war in the near East, ^d also to manufacture articles whose 
supply from Europe and America have bjeeu cut off as a result of the war. A 
Board of Scientific and Industrial Research has been created under the able and 
energetic directorship of Professor S. S. Bhatnagar. Sub-committees have been 
appointed to investigate and work out schemes of research for the production of 
technologically important articles. Researches in technical physics have been 
directed towards the production of optical glasses, scientific instruments, wireless 
goods and allied articles. This recent development of research in technical 
physics has again brought up to my mind the question once put to me by a 
friend of mine in Bombay in 1928, at the time when Sir C. V. Raman had made 
his epoch-making discovery of the effect associated with his name. The question 
put to me was that why Indians, who have made such fundamental discoveries 
in pure physics, were so tardy in working out technological inventions. It 
appears to me that the present time is suitable for a review of the development 
of the various sciences, pure and applied, in this country since the advent of the 
British, and of their applications to the welfare of this country. The whole 
problem could be reviewed from the standpoint which is so widespread at present 
in some of the western countries, that scientific development at any epoch takes 
place in response to the social requirements of the period. 1 had at first intended 
to take up this theme as the subject of my address before you to-day. Subse- 
quently 1 discovered that the time at my disposal was not sufficient for a 
satisfactory investigation and an adequate presentation of the subject. I have 
therefore decided to present before you a short review of a subject which has been 
engaging my attention during the last two years, viz-, the use of photographic 
plates as a means of investigation of problems of nuclear physics and of cosmic 
rays, the stress being laid on investigations in the last-named subject. 

* Presidential address cf Dr. D. M. Bose before the annual meeting of the Indian Physical 
Society held at Benares. 
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As you are aware that the effects produced accidentally on photographic 
l)lates led to the discovery of X-rays by Rdntgen and of radiations from uranium 
compounds by Becquerel. In those days photographic plates formed an indis- 
pensable adjunct in such investigations, but subsequent development of sensitive 
methods of measuring ionisation currents, the development of Wilson’s cloud 
chamber and of the counter-tube arrangements by Geiger placed the photographic 
plate in the background. Recently the photagraphic plate has been found of 
great help in the study of nuclear disintegration and scattering investigations, 
and also in cosmic ray research. For the last type of work the photographic 
plate acts as an integrating W^i Ison’s chamber, by means of which cosmic ray 
processes of very rare occurrence can be conveniently investigated. 

As an introduction, I propose to give a short account of the constitution of 
the photographic emulsion, the action of light radiation in producing developable 
latent image, and the generally accepted theoretical interpretation of the knowii 
properties of the emulsion towards light ladialion. The action of ionising 
particles in producing latent image in photographic emulsion has not yet been 
so thoroughly studied. With the growing importance of the photographic emul- 
sions for such investigations, new types of plates are being placed in the market 
by Agfa, Kodak and specially by Ilford and Co. It is a pity that we have no 
firm manufacturing photographic emulsions in this country with whose co- 
operation it would have been possible for us to investigate the action of moving 
charged particles in producing latent images and also in making new’ emulsions 
to suit the changing requirements of research. For example, it has been found 
that the dye pina-kryptol yellow, w'hich is a desensitiser of the action of light on 
photographic emulsions, increases the sensitivity of the latter to the detection 
of protons, and no explanation of this effect has yet been found. 

A photographic emulsion consists of a suspension of tiny AgBr crystals with 
a small percentage of Agl in gelatine. In ordinary emulsions there are about 
lo® grains per cm.^ of plate area, and the average size of the grains vary from 
o.i X 10^* cm.“ for slow speed positive emulsions to i.o x cm.^ for fast 
negative emulsions. The grains are usually flat plates of triangular and hexa- 
gonal shape, and their thicknesses are about i/io of their diameters. It is 
found that the sensitiveness of the emulsion to light is increased by the presence 
of a minute quantity of AgaS in it, and it can be further increased by the process 
of ripening. It is supposed that on the surface of each AgBr grain is a sensitive 
spot containing either a small amount of AgaS or a minute silver speck formed 
during the process of ripening. The latent image is formed during the exposure 
to light by a sufficient number of silver atoms being deposited round this speck. 

The mechanism by which the silver atoms are deposited is conceived accord- 
ing to the generally accepted theory of Gurney and Mott, as follows Each 
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quantum of light absorbed raises one of the attached electron in Br- ions to the 
conduction level of the AgBr crystal, where it begins to migrate until it gets 
finally trapped on the sensitive spot on the grain. The accumulation of a few 
such electrons on the spot produces a strong local field in which some of the 
Ag’" ions in the ionic AgBr crystal begin to migrate and get finally attached to 
the spot as neutral Ag atoms. A mechanism is also proposed according to which 
the Br ions released by the production of neutral Ag atoms can ultimately 
escape from ^the surface of the grain. Ai io the size of the latent image it is 
found that the number of light quanta required to be absorbed for their formation 
vary with the grains ; on an average al|out 50 per cent of the grains become 
developable by the absorption of 50 H||ht quanta by each. We conclude that 
the latent image in any grain of AgBr i^ a speck of silver containing at least 
50 atoms. V 

f 

It is found that these photographic emulsions also react to the action of 
ionising particles like o-particles, protons, deuterons and even electrons. The 
elTects observed fall under two categories — (/) the density of blackening produced 
on photographic emulsions exposed normally to a corpuscular beam, in which 
the density-exposure relation for different kinds of charged particles are studied. 
Investigations have been made as to how far the Reciprocity law holds for 
irradiation by charged particle and (//) the number of grains developed along the 
tracts of the charged particle in the emulsion. Two reports arc available which 
summarise the results so far obtained, the first one by H. Wambachcr, ‘Action 
of corpuscular radiation on photographic emulsion,' Zeit. /. Wiss, Phot,, 38 , 
38, 1939, the other is a report by T. R. Wilkins ‘The response of photographic 
materials to Atomic particles,’ /. of App, Phy., 11 , 35, 1940. 

The results obtained have been summarised by Wambacher as follows :• — 

1 X-ray quantum — — on an average develops one grain of AgBr 

(total number of Ag atoms released looo) 

1 <i-parlicle from Ra (6.io‘’cV) — 10-15 grains of AgBr (total number 50,000 

Ag atoms) 

6-8 jS-particlcs (io^-io®cV) — 1 AgBr grain 

I electron (lo^eV ; — 2 AgBr grains 

10^ positive-ray particles (800 eV ) — one AgBr grain. 

The most carefully investigated effect of corpuscular radiation on photo* 
graphic emulsion has been W’ith a-particles. Each o-particle produces on an 
average 2-3 thousand Ag atoms per AgBr particle struck, it thus, as experi- 
mentally proved, blackens every particle passed through by it. 

The action of jS-particles and positrons on photographic emulsion is not 
clearly known. Slow electrons (energy of order 10* eV) may ionise the AgBr 
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grain on its path but owing to their small mass they are easily scattered and 
therefore do not form a linear deposit of blackened grains ; further they give 
rise to fluorescent radiation, by collision both with the emulsion and its glass 
backing, which blackens the emulsion. On the other hand fast electrons (energy 
lo^-io® eV) do not sufficiently ionise the AgBr grains so that their tracks cannot 
be made visible on photographic emulsions. 

Fast protons produced by the recoil of a-particles with hydrogen have also 
been shown to produce definite ionisation tracks. These investigations are due to 
Taylor and to Blau and Wambacher, and as the latters* investigations have been 
the starting point of our own work, more attention will be given to it. 

The technique of the method used to see the tracks of individual high 
energy particle like a-particle, deuteron or proton is as follows. The photographic 
plate exposed to the radiation is developed and examined under a high-power 
microscope. The quantities to be measured are the length of the tracks on the 
emulsion usually given in units of cm.). It is found that the emulsions 

have a density of about 2.8, and one cm. of length of track in air is equivalent to 
about length in the emulsion. The other important factor to be noticed is 
the quantity known as mean grain distance (m.p.d.) along a track = 

length of the tiack in vvjicre n is the number of developed grains on the track, 
n — I 

Both these quantities depend upon the charge and energy of the ionising particle. 

The suitability of a photographic emulsion for this kind of work depends 
upon that 

(i) the emulsion must be as fine-grained as possible so as to have the 
maximum number of developed grains along the track of an ionising particle ; 

(a) it should be as free from background fog as possible, and the develop- 
ment should be so conducted as to minimise the production of such fogs. The 
effect of background fog is to prevent the clear discernment of the tracks of 
ionising particles, specially those in which the grain distance is large ; 

(in) it is found that different types of emulsion are sensitive to one or more 
kinds of ionising particles, e g., Ilford plates only record tiacks of a-particles, 
while the E2 plates record in addition the tracks of slow protons. Blau found 
that certain emulsion like Imperial process plates when bathed in a solution of 
pinakryptol yellow^ (a desensitiser in ordinary photographic process) the tiacks 
due to the passage of protons are greatly lengthened. Similar treatment of 
Ilford Ea plate by Kuerti and Wilkins led to the proton tracks on them being 
increased by 8 or 9 times in length as that in untreated plates, and the tracks 
so obtained corresponded in full to the range of the proton in the emulsion. 
But the best results were obtained by Blau and Wambacher by using Ilford New 
Halftone plates, which for purpose of cosmic ray investigations were used with a 
film thickness of 70/* (ordinary Ra plates have a thickness of 14/A). 
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The m.p.d. for different particles found with these plates are given below ; 


Particle 

Blau & Wambaclier 111. p d. 

1 hose & Chowdhury 

! 

Particles from Th. C range 

1.42 M 

1.8 IJL 

8.62 cm. in air 



Proton range 5.8-29 cm 

1-5 M 

2.6 fi 

29-85 cm. 

1-56 p 



ue.i according to Blau and Wanibacher,;^p to energies of lo McV the mean 
particle distance of a-particles and protjpns are independent of their energies. 
Our results are slightly different and may attributed to some difference in the 
composition of the emulsion supplied td^us. Such plates were exposed in their 
original packing at Hafelecker (230 m) anp kept there for four months at the 
temperature is"" C In an area of .507 cm|^, when only tracks of length greater 
than 10 cm. air were counted. Blau and Wanibaclicr found the number to be 85. 
They consisted of 29 tracks with lengths greater than i metre of air, one of length 
6i metres and another of 12 metres. The mean particle distance varied between 
i.37ju and 5.7/i. It was improbable that with the exception of two with m.p.d 
less thau 1.5^ they were due either to a-particles or /S-particles or positrons. 

The conclusion was drawn that they are due to fast protons. This conclusion 
tacitly implies that though, up to energies of 10 MeV, the mean grain distance 
of the proton tracks was a constant, for higher energies however the m.p.d- 
increased. The authors tried to build up an energy calibration curve on the 
line of Braggs Ionisation curve for these particles. For this curve use was made 
of the fact that along different portions of long tracks the grain distances were 
found lo decrease continuously from one end of the track to the other, this 
direction of decrease would coriespond to the direction of diminution of velocity 
of hie ionising particle. This calibration curve w^as used to determine the energy 
of short-range tracks on the emulsion which had large values of m.p.d. It w^as 
shown that in many such tracks the direction of traversal of the ionising particle 
was inclined to the plane of the emulsion surface and so only a short range of 
the track was continued inside the emulsion. These tracks were assumed to be 
due to protons, which were supposed to be produced in the material of the 
emulsion by recoil from the fast primary neutrons in the cosmic rays. As will 
be reported later, our owui investigations lead to the conclusion that the tracks 
with m.p.d. > 3/< are due mostly lo mesotrons. In addition to these single 
tracks, 60 cases of nuclear disintegration were observed, giving rise to multiple 
star like tracks radiating from a centre (up to 12 in member). Out of 31 stars 
which were measured the energy of disintegration in four cases was 100 MeV, 
the emitted particles being assumed to be prtoons. Such emission of protons 
(with emission of an equal number at least of non-ionising neutrons) can take 
place according to the nuclear evaporation process (on the liquid drop model), 
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If the particle has a range R(p) in the given medium 



where a is a constant of the medium- 

For low values of p, R= ; if the energy I'* is exitresseil in MeV, 

7J- v'M 

and ]\I the mass of the particle in proton unit, then for air . 

The average deflection 0 of such a particle due to nnilfiple scattering is 


, ^ 'AZ'c'^sim 

given by ^=(19.5 — ^.ilogio 7 .)-e 

In a Wilson chamber, for ionising particles of energy between 10^ - 10® cV, 
the ionisation of a mesotron will be much stronger than that of an electron, and 
the mass of the former can be derived from any two of the following measure- 
ments, range fif the particle track ends inside the chamber), ionisation density, 
and curvature in a magnetic field. 

Now let us consider the application of these formulas to the tracks of the 
ionising particle on photographic emulsions. According to Wambacher the 
composition of a silver bromide emulsion (probably Ilford Halftone) is as follows 

H C N O S Br Ag 


15, y.6. 2.8, 3.5, o.i, I, I 

Its density is 2.89 and it has an average atomic numlier Z = 6.2 and tlie number of 
atoms per c.c. comes out to be 1.4 x lo**-’. From the ionisation loss formula, know- 
ing the velocity and charge of the ionising particle, we can calculate the average 
number of ions produced per unit length. Assuming that the silver bromide 
crystallites are of uniform size, then theoretically it is possible to calculate the 
number of electrons produced in each grain ; if this number is above the minimum 
number Wg necessary to develop all the silver bromide grains, then all of them 
are developed (50 to 100 atoms of silver require to be deposited in grains of silver 
bromide by light in order that 50% of the grains may be developed). According 
to Blau, each a-particle on an average produce 2000-3000 silver atoms per AgBr 
particle struck, and therefore as found e.xperimentally up to a-particle from Th 
C' (energy 9.7 MeV), the mean particle distance remains constant and equal to 
the distance between the silver bromide crystals in tlie emulsion. 

In the case of recoil proton tracks on Ilford Halftone emulsion, Blau and 
Wambacher find that up to a range of 100 cm. air, the 'm.p.d. is T.54/U as against 
i,4/« for a-particle. While from our own records we find that the m.p.d. increase 
frojn i.Sfi for a-particle to 2.6/1 for protons. We find therefore for recoil proton? 
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even for ranges up to 6o cm. air, not all the silver halide grains along their tracts 
are affected. To account for this we suppose that if the average number of 
Ag atoms deposited per grain of AgBr by proton be n and it is less than the 
minimum number per grain required to develope it, than the i^robability that a 


grain is developed is P(wo)= \ this integrated over the limits ?to to co 

wq! 

and mutiplied by the number of AgBr grains per unit length of emulsion will 
give the number of grains which will be deposited per unit length of the track. 
There arc many difficulties in the way Jof solving this problem ; for one thing 
the size of the grains is not uniform, jnor are they all at the same stage of 
ril)eness, /.c., different grains will rcqtiire the deposition of different number 
of silver atoms to enable them to act as latent image. 

Since it is not possible to deduce ftiom the general ionisation formuia, the 
relation between the charge and velocity of a particle and the number of silver 
grains deposited per unit length along its track in a photographic emulsion, wc 
may proceed to attack the problem in a semi-empirical way as suggested by 
Helen & Wilkin. According to them due to the motion of charged particle, 

each of the grains receives an impulse 1 ~ ^ - approximately, u here 

V 

P = the distance between the moving i)article of charge Z'c, and an 
electron in the silver halide grain and v is its velocity. If this impulse is greater 
than a critical value lo, then a sufficient number of electrons is set free in the 
grain to produce a latent image. Thus all the silver halide grains n within a 


volume TTf^.i will be affected where 7rp* 



Using the formula giving 


the range of a charged particle as function of its mass energy and charge, it can 
be shown that if a„, tip and vu are the number of silver grains developed per 
unit lengths of the tracks of a-particlc, luotoii and deiiteron of the same range, 


then =2 while Helen Wilkins liiid cxperimcjitally the value 1.7 

lip 


and — * —1.25 ,» a M ^*4 

np 

There is thus only a very approximate agreement with experimental results. 
According to this formula the number of grains, developed i>cr unit length of a 
moving charged particle is proportional inversely to the velocity of the particle. 
This formula is not even approximately correct. If a proper coi relation between 
the values of n and v for any kind of charged particle can be found, then the 
mass of that particle can be determined from it and from the multiple scattering 
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suffered by the same particle tiaversiiig lliiuugh a known length of the photo- 
graphic emulsion. The multiple scattering is i}ioportional inversely to the 
energy E of the particle. 

• The importance of this result lies in the fact that many of the highly ionising 
tracks observed in Ilford Halftone plates exposed by us to cosmic radiation have 
l)cen found to be curved. As will be shown just now, it has enabled us to 
deride that the particles responsible for them must have a mass lower than that 
of protons, and since fast electrons do not produce such tracks on photographic 
emulsions, these tracks must be due to mesotrons. 

I shall next proceed to give an account of our own investigation on cosmic 
rays using the photograi>hic plates as detectors. Wc have followed Taylor’s 
procedure of keeping Ro plates at high altitudes, half of each plate being treated 
with a solution of a salt of a heavy element like ITranium, Lead, Bismuth, 
Samarium, and Rubidium. Lrke Taylor we have obtained positive results of 
disintegration of Samarium nucleus under the action of some component of 
cosmic rays. No definite results could be obtained w ith Uranium, due to the 
large number of secondary particle tracks shown on the plates, resulting from 
the natural disintegration of the Uranium nucleus and of its products. The 
investigations with the othci substances arc being continued, no definite results 
have yet been obtained. 

We have also in another series of investigations followed Blau and Wambachcr 
in keeping untreated Ilford Halftone plates in paper cartons exposed to cosmic 
radiation. The plates arc kept at three different elevations — Darjeeling (Mayapuri 
Research Station, elevation 7,000 ft.), vSaiidakphu (Dak Bungalow, 12,000 ft.) and 
Phari Jong Post-Office (14,500 ft.). These plates w^ere kept vertically standing on 
their longside, under the following conditions (/) Darjeeling exposed to air, (ii) 
Sandakpliu, exposed to air, kept under 20 cm. of water, under 5.5 cm. of lead, 
(Hi) Phari Jong exposed to air, kept vertical and flat. 

From the plates kept at Darjeeling and Sandakphu, information has been 
obtained on (a) the relative intensity of the track producing rays at these two 
places (6) the relative absorption in 20 cm. of water of the radiation at Sandakphu 
and in the air mass between Sandakphu and Darjeeling which has a mass of 
140 gni./cm.'® (r) the possibility of production of doubly charged proton. Accord- 
ing to Bhabha's theory the following reaction is possible: P + P— >P^^*+*N and it 
can take place when a fast proton of energy greater than 35 MeV traverses 45 cm. 
of water. 

The tracks which have been obtained on these plates consist of single and 
multiple tracks. The number of different kinds of tracks, obtained in the 
different plates is given in Table II. The last columns give the frequency of 
single, double, etc. tracts on the given plate areas. 
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'1‘rai k No. 




JiacL- 

Time of JCxp. 

Area of 

le 

1 

• 2 ^^ 

3*" 

1 

5 '^' 

6'*' 

/ 

Saiulakphu 

(air) 

15 U <la\ .s 

1 1<) t 111.- 

■.«7 

1 

1 

iS 

jS 

l‘S 


2 

1 

1 

Sainiakphu 

(\>aUr) 

*’< <2 , , 

1 


1 

, 1 

' ?, 


s 

.s 



; OIK 

1 )ai 
<aii) 

15 “ ' 

1 .... 

20 

s 

1 


III 



Imr-sl 
of l.^ 


' 1 tra(k.‘^ 

IVIaiiy of these tracks arc cm vcd, and siic^ curved tracks also form part of the 
inulliple star tracks. Wc shall first confine our attention to the single tracks 
shovMi in the plates kept at Sandakpbu under air and under 20 cm. of water. 
In Table III such tracks are collected, in the last column of which the energy of 
the particles as calculated from the multiple scattering formula of Williams is 
given. For comparison similar data for fast proton tracks arc given under C. 
They are produced by the recoil of hydrogen atom in the i^hotographic emulsion 
by fast neutrons produced by a tube containing Ra and filled with Be powder. 
Between the source and the photographic plate a block of 10 cm. lead was kept 
to cut off 7-rays. 


Table III 


A. Saiulakpljii 
(Ail ) 

Track No. 

'J'olal ail 1 

Iciigtli 1 

in p.d. 

No. of rurvcil 
track." 

! Total angle of 

1 scattering 

i 

! 

j i*'iicigy AIcV 

i 

j 

1-22 

1 380 cm . 

1 

1 5-5 

i ^ 


1.91 

23‘45 

356 cm. 


9 

1 

0 6i 

46-47 

395 ! 

1 

1 

3 4 

12 

61® 

1 

0.61 

78-87 

207 cm. 

2.7 

2 

' 12* 


B. Sandakphu 
(Water) 






1-43 

4 [1.0 cm. 

4.2 j 

9 

! 55 * 

0.69 


128 

2.4 

2 : 

i6* 

1-31 

Recoil proton 

HIT cm. 

2.6/u 

2 single scattered ; 
I slightly curved | 
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From the above table the following inferences can be made (i) if the tracks 
found on the plates exposed to cosmic ray were due to protons, then those with 
larger values of ni.p.d. (/ e. > 2.6/a of proton under C) should possess higher 
energies, and since the multiple scattering suffered by them are inversely 
proportional to their kinetic energies, they should be less scattered than the 
recoil protons shown in C. Actually they are more scattered, and since these 
particles cannot have less than one unit of charge, their mass must be less than 
tliat of proton. P'urthei these tracks cannot be due to electrons, they must 
therefore be due to mesotrons. That is, the particles responsible for tracks with 
large m.p.d. obtained both by Blau and Wambacher and ourselves in Ilford 
Halftone plates arc principally mesotrons and not protons. It is of further 
interest to note that the tracks with low m.p.d. on the cosmic ray plates (2.7-2.^i/0 
have large energies. This result can be satisfactorily explained on the assump- 
tion that the particles responsible for them contain a large proportion of protons, 
produced by recoil from neutrons contained in the cosmic rays 

The next point we shall consider is the relative absorption of the primary 
cosmic radiation responsible for the production of the tracks in air and in water. 

In Table IV is given the number of tracks observed in pliolographic plates 
kept at Sandakphu and at Darjeeling under different conditions. As a mca.snre 
of the energy of the cosmic radiation responsible for the production of the.se 
tracks, we have taken simply the number of tracks recorded on unit area of the 
plate in a given time. This is permissible since if these tracks arc due to meso- 
trons, their energy of creation is of the order eV, which is very large compared 
to their kinetic energies. From this count we have exciuded tracks in which 
the m.p.d. is less than 2/i as experience shows that such tracks arc usually due 
to <i-particle contamintaions. 

Tai«.k IV 



Plaits kept uiuler 

1 

No. of traek.s per 
cni’^/ioo da} s 

No. ot t tal ks ah.soilcd 
in 

Katio of 
aUsoi^tu >11 

8:uidakpliu. 

(i) air i 

165 

20 gni. of water 9^^ 



(ii) 3u cm. water j 

67 

140 gill. /cm 2 of air 61 

1.6 

Darjeeling 

(iii) air | 

103 




We find that the rays responsible for the production of tracks on the photo- 
graphic plates are more strongly absorbed in water than in air, f .e., they arc 
chiefly neutrons. This conclusion is supported by the observations of Heiticr 
and his fellow^ workers who kept similar Halftone plates at Jungfraujoch 
(i3>40oft) under different thicknesses of lead. The number of tracks observed 
on the plates was a maximum under 1.2 cm. of lead, and it slowly falls down 
near to its value in air, at under 12 cm. lead. I'hey draw the conclusion that 
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the responsible constituents of the cosmic ray consist of two portions, one easily 
absorbable and the other very little absorbable in lead, i,c , they consist partly of 
photons and partly of neutrons. Our own plates kept under lead were found 
fogged on developement and so could not be utilised. Reverthig to our own 
results, we can calculate from the following considerations the relative energy* 
loss of fast neutrons which arc resi)onsJiblc for the creation of single and multiple 
mesotron showers in the given masses ^ air and water. A neutron, suffering 
an elastic collision with an atom of mass M, looses on an average 2/M of its 
kinetic energy, i.e., it requires M/2 colHfion to produce the same loss of energy 
as collision with a hydrogen atom. calculating the number of equivalent 
hydrogen-like collisions in the given ^masses of water and air, the ratio of 
hydrogen-like collisions comes out to be J. 7, which is very near to the observed 
value of 1.6. ; 

The agreement between the two 4 (if not accidental) can be made i)lausible 
on the following assumptions : (i) the r^e of production of such high energy 
neutrons in the air mass between Sandakphu and Darjeeling are very few com- 
pared to the number present in the original beam (ii) the cross-section for elastic 
scattering is very large compared to that for mesotron production fiii) on an 
average they do not suffer more than one hydrogen-like collision in the given 
masses of air and water. 


Tabi.e V 


Pair Tra<'ks j 
No. , 

Total U*ngtli 

111 .11.(1. 

N«». (>f 

j Irack.s 

Total Mtigle of 

1 sea Hi ring 

j Mt‘an angle 
IkIwccu pair 

118 

! 5^8 (‘til. 

1 

' 4 

1 1 

1 

i 1 

1 

' S 

(in one pair bolli 
track.s arc curx ed) 

1 

‘7" 


In Table V data for 18 pair tracks found on the plate at vSandakphu under 
air is given. From the relation between track lengths ni.p d. and total angle 
of scattering, there can be no doubt that these pairs consist of mesotrons. The 
angle between the pairs vary from 6° to 35®, with a mean value of 17®. It is 
interesting to apply to these pairs the consideration used by Weiitzel to limit 
the angular spread of pairs arising out of the interference of a wa\'e packet of 
energy E scattered over an obstacle of linear dimension a 

^ ; here E“total energy LO 2 x ro'* eV ; ; 

the value of a conics out to be 2.07 x lu*"’** cm. which is of the same order as the 
electron radius 2.8 x It is difficult to^siiy whether any physical significance 

C2^n be attached to this quantity. 
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Since in the other higher multiple tracks the in.p.d. of the tracks also vary 
between 6/x and 2.5^, and some of them also appear curved, it is permitted to 
infer that they arc all of mesotron character. The detailed examination of these 
multiple star tracks is being carried out. 

The conclusion can be drawn from our investigation that by the interaction 
of one or more high-energy components of the cosmic radiation (principally 
neutrons) with atoms in the photogiaphic emulsion multiple mesotron showers 
are produced. This conclusion appears to be importanP since, according to the 
classical theory of mesotron proposed recently by Bhabha and later taken up by 
Ileitler, the scattering cross-section of mesotrons of energy 10® cV by proton 
or neutron is of the order 10“^" to 10"*“^ cm.‘ This is in agreement with the 
meagre experimental data of J. (1. Wilson ; there is no place however for meso- 
tron shower production according to this theory. According to the theory 
developed by Heitler this cro.ss section remains a constant over a large range of 
energy. In Bhabha's later developeinent of the theory of mesotron with a spin, 
however, the cross-section has a maximum in the region of energy 3.2 x 10” eV. 
Whether, the sudden increase of scattering cross-section in this region can lead 
to a process of multiple mesotron shower generation is not clear. A recent 
theory of Heisenberg appears to give a reasonable picture of multiple mesotron 
shower pioduction due to impact of uncharged particles on protons and neutrons. 
It is also free from certain of the theoretical objection raised against the older 
quantum theory of scattering of mesotron. If the conclusions I have drawn 
from our photographic records are valid and are further verified by later 
investigations, then this method can produce experimental evidence of a type 
of interaction between matter and certain constituents of cosmic radiation, 
not readily available by other methods. The photographic plate is specially 
suited to record processes in which protons, mesotrons, ^«-parlicies are produced 
over comparatively low range of energy, r/c:., m the region of lo^eV for o-particles 
and protons. For this region and for these types of particles the method is 
superior to the Wilson Chamber apparatus. 

We have made a preliminary search for the existence of doubly charged 
protons, on the plate kept at Sandakplm under 20 cm. of water. Assisted 
earlier, such particles are expected to be created when fast protons of energy 
greater than 3.5x10^ cV traverse 45 cm. length of water. Our plate was kept 
exposed for 202 days and we looked for tracks with m.i).d. between t.jjjl to 
2.0/i and of range greater than jo cm. of air, which is the length of the highest 
energy particle tracks due to Th C'. In an area of i .05 cm.* no such track has 
been observed. The investigation is being further continued. 

We can summarise the results which have been obtained from a study of 
cosmic radiation using Ilford Halftone plates as follows : 

(i) Blau and Wambacher find 'long single tracks and star-like multiple 
tracks on such plates in which the m.p.d. vary from 1.37/1 to 5-7M. These traces 
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are assumed to be due to protons, produced in the case of single tracks by the 
recoil of protons in the emulsion with fast cosmic ray neutrons. The star-like 
tracks represent the products of nuclear explosions (presumably of the evaporation 
type), ill which both protons and neutrons are emitted, and of which only the 
former are recorded. 

{a) Heitler and his co-workers only count the number of tracks which 
appear in such plates kept under different thicknesses of lead plates at Jung- 
fraujoch. They conclude that the coi^ponents of the cosmic ray rcsx)onsiblc for 
the heavy-ionisation track are partly photons and partly neutrons. 

(Hi) Bose and Choudhury find /from tlie multiple scattering of these tracks 
that they are principally due to nicsoli^ns, whose energy lie in the range lo’-io” 
cV. From the relative absorption ifa watei and air the conclusion is drawn that 
the fast neutrons in the cosmic ray ar4 principally responsible for the creation 
of mesotrons either singly or in a mult||>le process. 

The data so far collected allow' only qualitative conclusions to be drawn. 
It can be expected that accumulation; of a larger amount of data will allow 
certain quantitative conclusions to be drawn (/) on the energy distribution and 
the relative proportions of photons, neutrons and other iiossible constituents in 
the cosmic ray which produce mesotrons by multixjle processes of the type 
envisaged by Heisenberg, (//) on the cross-section for single scattering and 
for shower production, {Hi) on the existence of doubly charged protons and anti- 
protons which according to Bhabha can be created during interaction between 
protons and [uotons P + F — and between neutrons and neutrons 
N + N— >P’" + P\ 

It is imperatively necessary that further investigations on the formation of 
latent images by the action of moving charged particles in photographic emulsions 
is undertaken. Without such investigations it will not be possible to make the 
photographic emulsion an instrument for accurate quantitative measurement in 
cosmic ray investigations. 

Recently the mass of the particles producing curved tracks on the photo- 
graphic emulsion has been determined. The theory of the method used as 
follows — if the unknown particle is mesotron, it is singly charged like the proton, 
and the assunqUion is made that both tlie ijroton and the mesotron will produce 
tracks on the emulsion with the same ni.p.d , provided they start with the same 
velocities. Then the ratio of the kinetic energies of mesotron and proton with 
the same m.p.d. will be proportional to the masses of these two particles. The 
energy of the mesotron can be obtained from the multiple scattering in the 
emulsion using William’s formula. That of the protons can be obtained from 
calibration curve connecting the K.Iv of piolon producing tracks on the emul- 
sion, with the ui.p.d. along the tracks. The calibration curve was found, up 
to energies of lo Mev, to be a straight line, from which the K.E. of the protons 
corresponding to the tn.p.d. found for cosmic ray particles can be obtained by 

II — 1372P 
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extrapolation. The following values of the mass of the particles have been 
obtained in terms of electron mass mo, 173, 149, 158, 153, 167 with mean equal to 
(160.2 ±4-3) mo, which falls within the range of the best determinaticm of the 
mesotron. It is expected that the introduction of certain corrections will increase 
the value of n by ten per cent. The results have been communicated in a note 
sent recently to * Nature.’ 
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i 

ABSTRACT. The present paper de.|r ilies dtteniiiiiiitioii of aeoiislical iMipedancci: hy 
uieasnii'iiK the electrical impedances f>f 11 'Speaker under different air loads. It is a conti- 
nuation of the previous work. With a propti temperature control, very reliable results are ob- 
tained even for small acoustical impedances.^ Measurements <if resistance, reactance and phase 
in the ca.se of a reflecting surface of Treeta^, l‘‘elt or simply a Helmholtit Resonator have been 
made at different frequencies. The vnriatiolis are plotte<l graphically. Acoustical resistance of 
a Helmlioltz Resonator, reactance and phtse at different frequencies show fair agreement 
with the theory. 


This paper is a continuation of previous work which has already been 
published.^ The method is indirect but quite capable of measuring small acous- 
tical impedances with repeatable results. The only defect is that it takes some 
time to complete one set of observations, otherwise quite consistent results are 
obtained with a little care and watchfulness. We have extended the method to 
the measurement of acoustical impedances of materials obtainable in small 
quantities and to Helmholtz resonators. Some results have been obtained in the 
case of artificial materials composed of a number of vaccine tubes. Since the 
experimental procedure is described in detail in the liaper referred to above, we 
shall first discuss the theoretical background for the evaluation of the acoustical 
resistance and reactance and then the results. 


Theory : — The electrical impedance Zn of a moving-coil receiver is given by 


Zrr — Zrw 


Jr 

Z», tl Z j 


where Zrw is the electrical inipcdanc^ of the windings of the coil in the absence of 
vibration of the diaphragm. Z,„ is the mechanical impedance of the vibrating 
system and Zj the air-load impedance, a is the area of the piston. 

Writing Z„, = R p + jX p, 


= Ziw -h 


Rp+jXp + 


(i) 


‘ Copitnunicated by the Indian Phy.sical Society. 
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and 


or 


PVoni ineasuremenls at Xn. — o 

Rn, ~ 3.2 ohms 
/ == ig-7 cms. 

Then ^-(rT -1<;< ~ -17^1 "=-11^94 

^R,,. J aZo 3-2 

X =- =-.6056. 

a/o 

Putting these values in equation (g) we get 

/V ^ 1 (i + .117)^ + . 5 os 6 *^ o 

P'rom the tables of hyperbolic functions 

tanh A==.o8524. 

Putting this value of tanh A in equation (S) we get 

tan •^^/94 -.o85.4 
— .6050 X .08524 

C=-3i°.55- 

But C=Ii + U 

“3 i -55 = B+ X 19-7 
50 

tail B= — tan 87.05= —28.0. 

Radius of the piston tube = 2.8 cins. 

/. a = n-X2.8^. 

Now substituting all these values in equations (10) and (ii) we get 

7 = 42 -08545(1 + 28-) ^ 

;r X 2,8^ ‘1 + .08545 X 28^ ' 


similarly 

From equation ( 12 ) 

and 


Zj:= -7.074. 


+535.9~36o = i75'’*9 

« == Antilog^ 

\ 2.303 / 


In this way readings were taken for Treetax and Felt at different frequencies 
and Zr, Zar, a and phase change calculated. Tables I and II give the results. 
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Table I 

Treclax 


\ 

Z, i 

z. 

a 


1 

28.4 

12.74 

1 

-• 9 - 5 .S 

•843 

172.6 

29.5 

16.85 

2.49 

.82f> 

J 78..3 

30.0 

J 7 A 3 

i. 

T 

.928 

175.9 

31.4 

16.92 

-^29.60 

•859 

175.0 

33.2 

14.16 

10.31 

. 8.^5 

173.4 

350 

18.43 

3-41 

.S36 

178.1 

36.0 

24-13 

4 -^7 

.868 

1797 



Table 11 





Felt 



\ 

z, 

z. 

1 

1 

1 kJ\ 

28.4 

1.99 

i 

' - .'!.76 

922 

! 159.0 

29.5 

3 34 

“ 8 77 

.90s 

I 160 6 

30.0 

1.76 

~ 783 

.916 

! 156 8 

1 

31 

1.24 

— 6 64 

916 

1 , 157.5 

31.4 

I 44 

~ 7-73 

927 

i 155*9 

33-2 

3 68 

~ 8 71 

•932 

' *58.6 

1 

35 

3 -yj 

- 11 82 

.928 

j 164 S 

36.0 

T.79 

“ 9 54 

.939 

j 160.4 

It can be seen that reflection coefficient varies with wavelength in both cases. 
It has maxima and minima at different wavelengths ; for example, in the case of 
Treetax at A = 30, the coefficient of reflection approaches a maxima, and then as 
the wavelength increases falls do wn . Beyond A = 35 it again starts increasing. 
Resistance also has maxima and minima as the wavelength of sound varies, but 
the change is more marked in the case of reactance. Figure I shows the results 
of Treetax graphically. It can be seen that there are marked minima and maxima 
in all cases and the curve of phase follows the resistance curve very closely. The 
phase goes on increasing with increasing wavelength, showing thereby that at 
lower frequency phase tends to iSo'^. It means that the material behaves like a 
perfect reflector at low frequency as far as phase is concerned. , 
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By comparing the two tables it can be seen that the rellection coefficients are 
smaller in the case of Treetax than Felt, but the changes are more pronounced in 
Treetax. Treetax is harder to touch than Felt, but it has greater resistance to 
sound waves than Felt. Mass per unit area is also greater in the case of Treetax. 
One more physical constant, namely, porosity has to be considered in discussing 
the question of impedance. The author proposes to find out the relation between 
porosity and resistance. Probably then it would be possible to correlate the co- 
efficient of reflection with the various constants of the material. 

Resonators : — Another type of acoustical system of which the acoustical im- 
pedance was determined is Helmholtz Resonator. A hole was bored at the centre 
of a piston disc and to this hole was attached a variable cylindrical chamber, so 
that the volume of the resonator could be altered. In the present set of experi- 
ments the holes were practically of the same size, the volume being adjusted for 
different frequencies. Below is given a typical calculation for the case of a 
resonator at A =33.5 cms. 

The radius of the opening of the resonator =.27 cm. 

Thickness of its neck = .36 cm. 

fe® = 1.2732 aZo 
Rp = .2i22 aZo 
Xp-1.1343 aZo 
Riii.=.9ohm. 

!■« 10.9s . 
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R = -_.x [ ) = L£2^_ 

aZ() \ Rr:i, / ,9 


2122 = 1.20247 


X=“ = -1.1343. 

clZo 


Putting these values in equation (9) 


A..5756 log (■±->. 7 i 25 l“ + I:.341* = s 

(1-1.2025)2+ I. 1343-* 

Prom tables of hyperbolic functioilfe 

tanh A^. 36522. 

Putting this value of tanh A in equation (8) 

tanC=?^ 7 -, 3 _ 0522 ^_^^^^ 

- i.i|43 X .3652 
C* -63^.7- 


C = B + kl 


■63'7 = B + -^^- X 10.95 


B= -181.4 
tan B= —.0244. 

Substituting these values of tanh A and —tan B and a = r x 2 82 we get 

y ^ 42 .3652(1 + .0244^) = 6„- 

Tx 2-82" •! + . 3652® X.0244‘-' ^ ^ 

Z, - - = - ,03604 

TT X 2.6*^ I + . 3652 ^ X 0244“^ 


— tan = — *^^360^ _ _ 

Lr .6227 


-3 .3 


cx - Antiloc 




In the case of resonators it may be noted that the terminal impedance Z2 
gives the impedance of a resonator since the impedance of the remaining piston 
is infinite. Hence Zg^Zr+i^x. The phase in this case is calculated from 
tan0=Zx/Zr where is the phase inside the resonator. Table III gives the 
result for five different resonators of equal orifice but different volumes. 
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Table III — Resonators 
1 


A 

28.4 

28.5 

29.2 

31.0 

34-0 

36.0 

z, 

1.493 


1.188 

1.328 

1.392 

1.276 

z. 

1.097 

•439 

- 2.288 

- 5.797 

— 11.24 

-18.66 

a 

•365 

•325 

641 

.890 

.963 

.98S 

<t> 

36-3* 

25*.o 

-63,0 

-77‘*.i 

- 83 ."o 

-86.*i 

1 


II 


A 

28.2 

29.5 

30.0 

3i.<> 

32.0 

34.0 

36.0 

Zr 

1.331 

I-33I 

1.054 

1.105 

1.405 

1.178 

1.178 

z. 

4.166“ 

1.672 

.631 

- .815 

- 2.27 

- 9.53 

- 9.53 

a 

•8 x2 

.50S 

•357 

•378 

.602 

.959 

.959 


72 *.3 

5 i “.4 

30*. 9 

- 36“.4 

- 58^2 

-76V3 

“83* 


III 


A 

28.2 

29.5 

30.0 

31.0 

31.4 

32.0 

33.0 

34.0 

z. 

1.226 

1.332 

1.318 

.925 

1.144 

1.253 

1.267 

MS5 

z, . 

5-546 

2.805 

2.117 

1.148 

.819 - 

- i -»73 

- 2-339 

- 4.566 

a 

.887 

.724 

.591 

.498 

•369 

•397 

•634 

.824 

4 > 

77 * -5 

64*. 6 

58 *.i 

5 i*.i 

35''-6 

1 

-38*. 8 

-6i®.6 

- 72*.4 


IV 


A 

28.2 

31.0 

32.0 

33-0 

33 S 

34-0 

36.0 

z, 

1.311 

1.247 

1.117 

.869 

.623 

1. 017 

1.40Q 

z. 

8.578 

4.317 

2.231 

1.125 

- .036 

1 

io 

— 4.281 

a 

.944 

.831 

.646 

.513 

482 

.493 

.812 


8 j -.3 

73"-9 

63'.4 

52^.4 

- 3“ 3 

-5i"*o 

- 7 i *.8 

V 

A 

32.0 

33-0 

34-0 

34.5 

35-0 

36 


Zr 

1.417 

1.447 

1.144 - 

.856 

.714 

1.042 


Z. 

4.946 

4.146 

2 . 3 ,s 3 

1.433 

, .632 

— i.6i 


a 

.848 

.798 

.656 

.576 

•513 

.556 



74 *.o 

70-.7 

63*.9 

59M 

4 i ".5 
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The increase of resistance beyond the resonance point is a general effect observed 
in all cases. At resonance frequency the resistance is minimum. According to 

the current theory of Helmholtz Resonator the impedance of a resonator is given by 

✓ \ 

\^k wry 

where represents the radiation resistance given by 

R 


and R/ represents the resistance due to friction and is given by 


#r* 


a V 2VW. 


f is the radius of the ibeck of the resonator. 

/, the length of the neck 

p, the density of air 

V, the kinematic viscosity of air 

/c = 27r/A, where A is the wavelength of sound 

cD = 27ry, / being the frequency of sound. 


In the above case 


r = ,27 cm. /==.36cni. ^ = 33*5 cms. /= 1037 cycles/sec. 

^ ^2nfp ^27TX .0013 X 

27r A 33.5 

R ^ ^ \/ '> ^ =..^.37 

TTt^ 7 TX, 27 ^ ^ 33.5 

Zr = Rr+Rr = .5665. 


From the results it can be seen that the expected resistance at resonance is 
also of the same order. The increase of resistance beyond resonance is a general 
efiFect observed in all cases and cannot be attributed to experimental errors. 
Sivian^ has pointed out that the internal resistance term R 1 depends upon the 
magnitude of the particle velocity in the orifice, and it increases considerably with 
the particle velocity. Since the velocity amplitude is maximum at resonance 
frequency, it seems that the increase of the total resistance is due to 'end 
correction/ It can also be seen that the resistance does not go on increasing, but 
starts decreasing after reaching a certain limit. It is clear from the tables that 
the resistance term does not exceed 1.5 ohms in any case. 

The reflection coefficient is also minimum at resonance, showing thereby that 
the absorption of sound is greatest at resonance. Theoretically also it can be seen 
that the value of a can never he zero but is miniinum at resonance, 
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Figure a shows the variation of phase with wavelength. It can be observed 
that at resonance the phase becomes zero and, beyond it, it is negative. On both 
sides of resonance the phase does not go beyond 90° in any case. The change of 
phase is between +90® and —90° in every case. 



Fioorb 3 
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Figure 3 shows the relation between phase and reactance. It is found that 
the phase changes with reactance irrespective of the volume of the resonator. The 
reactance also becomes zero at resonance and then becomes negative which is 
entirely in agreement with theory. The curves for different resonators super- 
impose each other in this case. 

Phvsics Dkpaktment, 

Ahahabad. 


R n R K N C E s 


' C. Kant.T, Nat, Ins. of Sc., VI, <1716, .|d. 
Siviaii, jour. . I coiislkal ,Soc. .1 uici ictti V, 46. 
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DETERMINATION OF DIP(XE MOMENT IN SOLUTION * 

By G. R. PARANJPE 

4|N() 

D J. Davar 

I. 

J’ici'i'ivi'd for I’ltblliathn, Manli i, njii) 

ABSTRACT. The apparent elcotric indpient of ortho-, ineta- and para-niliotolucnc is 
measured in caeh of the solvents hexane, liptane, carbon tetrachloride, bcn/cne, toluene, 
carbon disulphide and chloroform. The rc.silts are used to verify the empirical relatiou.s of 
Muller, Sugden and Jenkins, and the theories of h'ratik and lligasi, which connect the measured 
value of the electric moment with the value in the gaseous state. It is found that (x) the 

Sugdeii relation Pj=A-l-l! can be used for determining polarization at iutiuite dilution; 

(j) the empirical relation «I*.j=o/ yetsolvent) repre.sents the re.sults as well as the relations of 
Sugdeu and Jenkins ; (3) the idea of e.xtrapolatiou to t = i for the gaseous state needs reconsidera- 
tion sime the values obtained from the relatioms of Sugden, Jenkins, l-'rank and the authoi.s 
arc widely different; (4) if a critical dielectric constant, which retjuires extrapolation to < = 1.7 
for the gaseous state, is introduced as a hypothesis, there appears a general agreement between 
the values so derived from the relations of Sugden, Jenkins, I'rank and the authors. 

The apparent electric moment of ortho-, meta- and para-nitrotoluenc was 
measured in each of the solvents hexane, heptane, carbon tctracliloride, benzene, 
toluene, carbon disulphide and chloroform at room temperature (so^C). These 
solvents cover a range of dielectric constant 1.S78 to 4.795. Of them hexane, 
heptane, carbon tetrachloride, benzene and carbon disul{)hide may be regarded as 
non-polar, and toluene as slightly i)olar. Cliloroforn,, which is decidedly polar, 
was selected to test the applicability of the empirical relations to polar solvents. 

Hexane and heptane (both Kahlbaum) were kei»t over calcium chloride 
and distilled over phosphorus peutoxide. 

Carbon tetrachloride (Merck) was distilled over phosphorus peutoxide. 

Benzene (Kahlbaum— for analysis) was dried over sodium wire and 
fractionated. 

Toluene (Kahlbaum) was dried over sodium wire and fractionated. 

Carbon disulphide (Kahlbaum— for analysis) was distilled over phosphorus 
peutoxide. 

Chloroform (Merck— anaesthetic) was distilled over phosphorus peutoxide. 

Ortho- and meta-nitrotoluene (both Merck) were distilled. 

Para-nitrotoluene (Merck) was recrystallised from benzene. 

• Communicated by the Indian Physical Society. 
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In each case the solvent was distilled a few hours before using it and the 
use of stored samples was avoided. The values of the density, the refractive 
index and the dielectric constant are given in table I. 

Table I 


j 

Substance 

Dcnsitj’ 

j Refractive I ndex 

1 

Dielectric Constant 

llcxaiic ' 

o.6f)0tSu 

- 1-3772 

1.878 

Heptane 

0.71045 

1 - 39/2 

1 942 

Cai 1)011 Ictiarliloiitle 

I 5756 


2.212 

J)Cii/cne 

0 t'<h5J^S 

1 

2 . 4^>2 

Toluene 

( ) tS s.^o4 

1.4892 

2 - 35 S 

Carbon di.sii 1 phi(lc 

i.<S 42 

i. 62 o(j 


Chloroform 

1 .Abiji) 

1.43S9 

4 /as 

fi-nitrotoluene 

1.1548 

1.5422 

... 

m-iiitrotoluene j 

1.1484 

1.5444 



The apparatus and procedure were the same as employed in previous work ^ . 
The total molar polarization Pg solute in a non-polar solvent is usually 
calculated from the Debye equation 


e—i Mi/i + M2/2 
e + 2' d e'1 + 2 dx 

When P2 varies with /2, the polarization at infinite dilution u:Po is deter- 
mined from the P 2 — /2 curves extrapolated to To avoid this graphical 

extrai)olation, Hcdcstrand “ has introduced the method of mathematical 
extrapolation ^^hich assumes a linear variation of the density and the dielectric 
constant of the solution with the rnole-fraclion of the solute at low concentrations. 
Thus €1(1 and <i = di(i + 1^/2) qdP 2 = A (M2“-B/^di) + Cttex where 



A= *-i- ^ ^ 

€^ + 2 ax ai 


and 


p ^ 3M:1 

di(«i + 2)* 


To avoid discriniinatiou, polarization at infinite dilution was calculated 
using both the methods. The result is given in table II. The agreement between 
the two methods is good for ortho-nitrotoluene. For meta- and para-nitrotoluene 
the values exhibit differences. The disparity is more pronounced for para-nitro* 
toluene in the solvents hexane and heptane. Such differences might be attributed 
to the uncertainty involved in the extrapolation of the Pg— curvesto/a=o 
wherever the curves are steep near /a =0. Besides, a«i and ^di do not always 
give constant values as m^ht be expected from Hedestrand’s assumption. In 
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such cases graphical extrapolation of ae^ and to /2 = o has to be used, and 
the values are subject to the inaccuracies of graphical methods. Hence, it w as 
thought desirable to calculate Q0P2 by a method which does not involve curvilinear 
extrapolation to /2 = o. Since the variation of ^ and d with /2 is not linear for 
some of the solutions, it was thought desirable to investigate the variation of 
and d with the weight fraction or the volume fraction of the solute. For this 
purpose solution of ortho-nitrotoluene in :bcnzene, which does not show the linear 
variation of « and d with f^, was selected* 

Le F^vre has used Hedestrand'i method of mathematical extrapolation 
for calculating the specific polar izatioi^ using weight fractions. Starting from 
the equation 

+ — 

IV 2 

proposed by Sugden , I^c Ft'^vrc assunj^s that the variation of c and d with 
weight fi action of the solute) is linear. Thus: < — ( j (1 + 

d = di (i + /3're>2) iind flDi?2 = y’i(r‘^/5') + CaV|, 


I i T 

i ei +2 di 


(l) 


where 



I 

di 


and 


C= 


When a' 6 i and / 3 'di are calculated for o-nitrotoluene in benzene the values are 
not constant and graphical extrapolation is necessary. The specific polarization 
ccp2 is 2,443 and the molar polarization <»p2~M2f>2~335 c.c. 

Having failed so far in avoiding curvilinear extrapolation it was now thought 
necessary to develope other methods. It may be assumed that the variation of 
e and d with V2 (the volume fraction of the solute) is linear. vSuch an assumption 
is supported by the mixture law for densities and f^ilberstein's formula for the 
dielectric constant of mixtures. Thus €=€'j(i + aV2) and d = dx(i +/5V2). 
Substituting for e and d in the Sugden relation (i), we have 


^ Vg ~ + ^V 2 ) + 2}] 

' Wzd {ei(T *i-«V2) + 2)(ei +2) 


Putting Vo— J --- and proceeding to the limit when Vo — >-0, 

^2 ’^W2di — 7C2C/2 


A 3af'j ~/3(ej -“T)(f?i + 2 ) 

— ^diK) + 


*L_i- J ; K = ^ and = • 

^ ^ ej + 2 di da («i + 2 )'' 


wbfre 
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Again «ei and /8c2 calculated for o-nitrotoluene in benzene are not constant 
and graphical extrapolation is necessary. The specific polarization oe/’a 3-432 
and the molar polarization ool'a is 333 c.c. 

In order to exhaust the possible methods of inalhematical extrapolation to 
infinite dilution, the following method based on the volume polarization introduced 
by Van Arkel and Snoek was attempted. 


Starting from = where the volume polarization 

V2 

p = , wc assume «=e|(i + aV2). Substituting for «, 

e-f 2 


p^—pi 



tj^(l +"Y2)~1 
<^j(] +ttV2) + 2 


1 

*■,"+2 





(fi 4- 2){fii (l + oV2) + 2 } 


Proceeding to the limit when V2 — ^o 


x,p-2 = Pl + 


(«, + 2)2 ■ 


It may be noted that this method reduces the mathematical calculations 
considerably. Taking the extrapolated value of ae,, the polarization per c.c. 
= 2.846 and the molar polaiization *1^-33^ c-c- 

The Siigdcn relation P:;- A t H ^ ^ applied to a solute in one partievdar 

“ + 2 

solvent at one temperature is foiind to liold f<ir all the solutions investigated. 
According to Sugden * A = <1+ tn Ps and B “ (i.i.Po. From the solutions 
investigated this ])art of Sugden s relation cannot be substantiated. The values 
of A are different for the same solute in different solvents, the extreme variation 
being 6%. This may be due to the variation of a with the solvent. The slope 
B of the lines is not constant for the same solute in different solvents, the extreme 
variation being 11%. Similar variations of A and B have been noted by 
Jenkins.’ Thus, while it is generally accepted that the Sugden relation is of 
the right form for a solute in one particular solvent at one temperature, “ it is 
doubtful if the significance originally attached to A... and to B... can Ijc substan- 
tiated either theoretically or from actual measurements.” (C llasstoue*) 

So far the Sugden relation has been used exclusively to calculate the polariza- 
tion in the gaseous state. Taking advantage of the linearity of the relation it 
was thought desirable to use it to calculate the total molar polarization («?»); 

this being the value of Pa at , where «i is the dielectric constant of the pure 
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solvent;' Such a method has an obvious advantage over the usual method of 
curvilinear extrapolation using the Pa — /a curves. Since the relation is linear, 
ooPa can be calculated by mathematical computation using either the method of 
averages or least squares. aPa calculated in this manner is given in table II. 
The values agree, wherever possible, with those obtained from graphical extra- 
polation and Hedestrand’s method. On account of the mathematical procedure 
involved, the results obtained from, the Sugden relation were used to calculate 
the electric moment. 


TAbim II 

Polansaiion al infiniie dilution by difjeiienl methods 


1 

i 

i 

1 

<u ! 

§ 

Heptane 

tetrachloride 

Benzene 

Toluene 

Carbon 

disulphide 

Chloroform 

^i-uitrololueiit* 



! 



1 


Graphical 

342 

363 

334 

33 ^ 

319 

295 

224 

TledcstraiuVs 

343 

36s 

333 

333 

316 j 

293 j 

225 

Sugden ’s 

ZA'o 

3 S 4 

334 

330 

3>7 j 

302 

224 

fH-iiitrotoluene 





1 

1 



Graphical 

429 

441 

395 

41T 

3S5 i 

37S 

266 

Uedestrand's 

417 

432 

391 

418 

. 3^9 

372 

261 

Sugden ’s 

420 

428 

404 

412 

388 

; 365 

264 

/>-iiitrotc)luene 




i 

! 




Graphical 

493 

503 

442 

! 432 

1 

443 

415 

306 

Hedestrand’s 

484 

473 

435 

1 462 

444 

408 

298 

Sugden’s 

.486 

4^9 

443 

1 4.'^4 

434 

412 

302 


For each of the solutions the electronic polarization was sensibly con- 

stant. Hence the relation /s— represents a straight line whose slope is P^^ . 
P was, therefore, calculated using least squares. The apparent electric raoment 

was calculated from 

II = 0.01273 v(«P*-Pb^)T 

The values are given in table III. 

3— 1387P 
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Tabi^k II 

Apparent elecUic moment of o-, m- and p-nitrololuenc 


1 

Solvent 

i 

ortho- 

"""'1 

met a- 

para- 

1 

Hexane 

1 

3-91 

4-33 

4.68 

Heptane 

3-94 

4.38 

4 60 

Carlion tetrachloride 


4.23 

4 45 

Benzene 

3-79 

4.29 

4.52 

Toluene 

3-71 

4 72 

4.41 

1 

Carlxfn disulphide 

3.61 

4.07 

4.29 

Chloroform 

3 *c'i 

3-32 

3 59 


Applying Muller’s empirical relation 

Po (solution) _ , v„ 

Po (gas) 

to the data in hand the following results were obtained. 


Tabi,k IV 

Po(gas) ond fi(gas) calculated from Muller's relation 


t 

ortho- 

meta- 

1 para- 

Po fgas) 

i 

(gas) 

r„ fgas) 

M (gafs) 

P„ (gas) 

11 (gas) 

Hexane 

330.1 

4-03 

i 

405-4 

4.46 

474-4 

4-83 

Heptane 

338.5 

4 oS 

417.8 

4 53 

461.7 

4 76 

Carbon tetrachloride 

332.7 

404 

410.2 

4.49 

454.0 

4 72 

Benzene 

332.7 

4.04 

4259 

4.57 

4724 

4.82 

Toluene 

3249 

4 00 

406,1 

4.47 ! 

4 , 59-6 

4 75 

Carbon disulphide 

332.8 

4.04 

411.9 

450 

469.7 

4.80 


The agreement for all the solutes is fairly good. 

The Sugdeu relation xPs= A + B ' *■ , as applied to oue solute in different 

<? + 2 

solveutSi was next considered. According to Sugden, the extrapolated value 
of ocP2 should give the total polarization in the gaseous state augmented 

by a small constant, while the slope of the line should give the orientation 
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polarization in the gaseous state. The graph showing ooPj against -Hi j-e- 

€ + 2 

presents a straight line. The values of the intercept A and the* slope B of the 
lines are : 

ortho-nitrotoluene A 454, - B 420 

meta-nitrotoluene A 552, ~ B 514 

para-nitrotoluenc A 618, ~ B 550 

Iv ' 

Jenkins’ relation 00^2®“ Ki + *7 was next considered. The graph showing 

tfPa against - was found to indicate^he expected straight line. When the line 

was extrapolated to e=i, to obtai|& the polarization in the gaseous state, the 
intercept was found to be too high. |A.t this stage it w^as thought desirable to 
exclude the results directly read off fipni the graphs. Jenkins’ relation may be 
written as ooP2€=Kie + K^. The coinstants K, and were calculated using the 
method of averages. The values obtained were : 


ortho-nitrotoluene 

K, 

140, 

K, 

416, 

K1 + K2 

55b 

meta-nitrotoluciic 

K, 

157, 


535 . 

Iv 1 + Kj 

692 

para-nitrotoluene 

K, 

193, 


55 ^^^. 

Ki + K;, 

751 


Ki + Ka given in the last column represents the value of the polarization in 
the gaseous state (« = i ) . 

Failing to get any correspondence between the values derived from the 
empirical relations of Miiller, Sugden and Jenkins, it was thought desirable to 
investigate the relation between the polarization at infinite dilution Q0P2 and the 
dielectric constant of the solvent. It may be assumed that <xP 2 and e art 
connected by a relation «)p3=a^\ 

Hence log oolT^log a ^ b log 

The plot of log 00P2 against log ^ for solution in different solvents show^ed 
three parallel lines with an approximate slope -0.5. This furnishes an indica- 
tion that the relation is the same for all the solutes. The graphical methods, 
however, are subject to personal error ; hence the slope and the intercept w^ere 
evaluated using least squares. This method has a further advantage ; the 
correlation coefficient provides a test for the linearity of the relation which is 
assumed. The results are : 


Solute 

Intercept 

Slope 

b 

I Correlation 

1 co-efficicnt 

o*nitrotoluene 

4?7 

-0.4028 

I — o.Of )4 

w-nitrotoluene 1 

608 

-0.5256 

1— O.OI 

^-nitrotoluene | 

666 1 

— 0.50T2 

j 1-0.004 
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Thus for the substances investigated ocPa = — 

V ^solveni^ 

wlien e=i, ooP2=tt ; and this may be regarded as the value for the gaseous state. 

So far as the empirical relations are concerned it may be concluded that : 
(t) of the four empirical relations considered, Miiller's relation gives the best 
agreement; (ti) the relations of Sugden, Jenkins and the authors are suitable 
to represent the results; (hi) extrapolation to gives widely different values 
in the three instances where it is used. At this stage it is felt that there is good 
reason to suspect the validity of extrapolation to for the gaseous slate. 

The empirical relations have been derived from results obtained from measure- 
ments on solutions and as such must ai^ply only so far as the liquid state is concerned. 
The region beyond the point representing the pure solvent is unexperimented on 
and to that extent unknown ; there is no evidence to assume that the prolongation 
of the graphs in that region is valid. 

Frank s relation = i + (Aj + A2) *“ ihen considered. The 

equation may be written in the form /x(sol.) = a-l b/«. The constants a and fe 
were calculated applying the method of averages. Knowing these, the monieni in 
the vapour state (fi = i) was calculated. 

o-nitrotoluenc /Jt(gas) 5.31 

m-nitrotoluenc A^Cgas) 6.00 

i?-nitrotoluene iu(gas) 6.17 

These values are very high compared with those derived from Muller's 
relation. It may, however, be remarked that Frank's equation usually gives a 
high value on extrapolation to €=i. 

The applicability of Higasi's theories was next considered. In the absence 
of the values of the optical polarizabilities of ortho-, meta- and paia-nitrotoluene, 
the size of the molecule was ascertained from X-ray data. It is now’ fairly well 
established that the benzene nucleus is similar, both in structure and in dimen- 
sions, to the plane ring of six carbon atoms, each of diameter 1.41 A, previously 
known to exist in graphite. 

Starting from this plane model, the dimensions of the molecules of ortho-, 
meta- and para-nitrotolueiie were calculated taking the necessary data ficm 
Robertson® and James, King and Horrocks.^® The electric moment might be 
taken to act along the diameter of the regular hexagon joining the centres of the 
C-atoms of the benzene ring. Since the moment of -NO2 is -3.8 and of -CH3 
0.4 (Williams it may be assumed that while locating the dipole only — NOg 
need be considered. Higasi^^ has assumed the dipole to be at the centre for the 
nitrobenzene molecule. Hence it was assumed that the dipole in ortho-, meta- 
and para-nitrotoluene is also at the centre of the molecule. Taking a to represent 
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the length along the dipole axis and 6 to represent the width of the molecule, the 
ratio a/6 = K was calculated from the X-ray data. Thus 


o-nitrotoluene 

a 6.23, 

b 4.98, 

K I 251, 

A -0.059 

m-nitrotoluene 

a 6.23, 

b 4.98, 

K 1. 251, 

A -0.059 

i’-nitrotoluene 

a 7.70, 

b 4.23. 

K 1.42, 

A -0.142 


Since K is greater than unity in each case, the value of A was calculated from 


A= 1“ _ log(K+ Using these values of A, 

^ “"M V K^-i ) ^ 

/x(gas) was calculated from 


/x(gas) = 


(sol ) 

1+35 ^ A 


Solvent ! 

Orthp- 

Meta- 

l*ara- 

Hexane 

4-07 

4-51 

5-i« 

Heptane 

4-n 

4*57 

5.12 

Carbon tetrachloride 

401 

4 ‘ 4 ^ 

5-07 

benzene 

4 00 

4*.^^ 

5**7 

Toluene 

3’Q3 

4'3f> 

5-f'9 

Carlson disulphide 

1 3^5 

1 4*28 

5*«5 

Chloroform 

1 3*34 

1 

3 ' 6 S 

471 


The values calculated from Higasi's equations show a slight agreement with 
those derived from Muller’s relation for ortho- and meta-nitrotoluene. For para- 
nitrotoluene the agreement is not good. Besides, the results for solution in 


chloroform do not fit into the set. Assuming that this dificrcnce is due to fixing 
the dipole at the centre of the molecule, instead of locating it at the contact of C 
and N atoms, the result for para-nitrotoluenc was recalcujated using A==Bi +A2. 


U 



I - 


c 


2 _ 




sill 




j[ 

3 


Ao- 




I — 


U‘> 

Val -r'-* 


log 




o' ~ o j 


ai = i.99, aj^ = 5.7i, r= 2.11 were calculated from X-ray data. 

Recalculating M(gas) for para-nitrotoluene the following result was obtained. 


Solvent 

/u(gas) 

Hexane 

5*32 

Heptane 

5 -a 7 

Carbon tetrachloride 1 

5 -*5 

Benzene 

3-36 

Toluene 

S-aS 

Carbon disulphide 

5*28 

Chloroform 

5-10 
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There is good agreement between the values for different solvents if we 
assume the dipole to be at the contact of C and N atoms; on the other hand, the 
difference between ^(gas) from Higasi's equation and from Muller’s relation has 
increased. It is difficult to choose between the two sets of values since each set 
shows good inter-agreement and there is no extraneous determination of the 
moment in the gaseous state. It may, then, be concluded that while Higasi's 
equation gives in some cases values nearly the same as those given by Muller's 
relation, it is reduced to an approximation when the dimensions of the molecule 
are not known. Besides, exact location of the dii)ole in the molecule is uncertain 
in many cases, and to that extent are uncertain the results obtained from Higasi s 
theory. 

It seems apparent that no agreement is possible between gas P2 derived from 
different empirical relations so long as extrapolation is carried out to j for the 
gaseous state. The validit}? of extrapolation to €=i has already been questioned. 
Marsden and Moss have shown that the dielectric constant of liquids and their 
saturated vapour are not identical at the critical temperature* In view of this 
discontinuity in the dielectric constant it seems reasonable to carry out extrapola- 
tion only up to transition from the liquid to the gaseous state. 

Le F6vre has found that the dielectric constant of benzene, carbon tetra- 
chloride, carbon disulphide and other liquids is nearly the same at the critical 
temperature of the respective liquids. This may be called the critical dielectric 
constant. Since the polarization of a non-polar substance does not vary with 
temperature, the critical dielectric constant can be calculated from 


1 . e— I I 
dc d 


where the sub-index c denotes the values at critical temperature. The 
transition dielectric constant at temperature may be calculated from 




4* 


de 

dt 


a -Tc). 


The transition dielectric canstant works out to be 1.60 for 


hexane, 1.64 for heptane, 1.81 for carbon tetrachloride and 1.86 for benzene at 
30®C. Hence for one solute in diflerent solvents extrapolation may be carried out 
to e=i.7, (the mean). 

When the relations of Sugden, Jenkins and the authors are each extrapolated 
to 6=1.7, there is a general unification in the values obtained from the different 
relations. 


Substance 

Muller c.c 

Sugden c.c. 

Authors c.c. 

Jenkins c.c. 

omitrotoluenc 

j 

369 

368 1 

374 

385 

m-nitrotoluene 

451 

466 

466 

473 

/>-nitrotoluene 

503 

5»3 

51X 

531 
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Table V gives the value of the electric moment in the gaseous state of ortho-, 
meta- and para-nitrotoKiene as obtained from different methods. The values 
marked with asterisks are calculated using extrapolation to 6=1.7. The mean 
value of the moment in different solvents is taken for Muller’s relation. The same 
is done for the values derived from Higasi’s equation bin the polar solvent chloro- 
form is not taken into account. 

TABtE V 



1 o-nitrotoluenc 

1 ; 

? ni-nilrotoluem' 

/'-nitrotoluene 

Miiller 

4.04 

;; 4*51 

4,78 

Sugdeii* 

4 -C '3 

( ' 1-53 

4.84 

Authors* 

4.07 

oc 

4.82 

Jenkins* 

4-13 

4.62 

487 

Frank* 

4-15 

4.64 

4.86 

Iligasi 

4.00 

•?45 

S-n 
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ELECTROLYTIC DISSOCIATION IN NITRIC ACID AS STUDIED 

BY RAM/^N EFFECT* 

By N. RAJESWARA RAO. M.Sc. 

{Received for publ^tiou, i, 79/7) 

ABSTRACT. Electrolytic dis.sociation |n nitric acid was Ftndied by employing Raman 
Effect first by I. R. Rao. He studied the dffegrees of dissociation of the acid in different 
concentrations, relative to the highest conientration. In the present work, the absolute 
degree of dissociation of the acid is calculateia by comparing the intensities of the Raman 
lines in the spectra of solutions of sodium nitrate and nitric acid of equal uiolal concentrations, 
assuming that sodium nitrate dissociates completely even in very concentrated solutions. 
1'he results indicate that in the lower concentrations, the increase of dissociation with dilution 
is very small, whereas in the ('oncentrated solutions, it is rapid. This is explained as being 
due to the increase in the Il-ions in the lower concentrations, uhic'h therefore favour the 
backward reaction. 

TINO3— >HHN03'. 

T N r R ( > D U C T T O N 

It is first suggested l)y L R. Rao’*‘ that Raman KiTect can be employed lo 
Study the electrolytic dissociation in concentrated solutions of strong electrolytes 
and nitric acid was the first to be studied by him. ( )n studying the Raman 
Spectra of the acid in different conceiitralions, he observed two sets of lines one 
decreasing in intensity on diluting the acid and tlie other increasing 
ill intensity up to a certain dilution. The latter set of lines arc found 
in solutions of nitrates also. He concluded that the first set of lines, the 
strongest of which is of Raman frequency about 1300, are excited by the un- 
dissociated nitric acid molecules, and the latter, the strongest of which is of 
frequency 1050, are excited by the nitrate ion. ( )ii determining the intensities 
of the lines for solutions of different concentrations he determined the relative 
degree of dissociation of the acid in different concentrations. 

In a previous communication,'* the author, while reporting similar investi- 
gation in solutions of sulphuric acid, suggested that since the sulphates of alka- 
line elements can be assumed to be completely dissociated in solutions, a 
comparative study of the intensity of the Raman lines due to the sulphate ion 
in solutions of the sulphate, acid sulphate and sulphuric acid affords a method 

Communicated by the Indian Physical Society. 
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of obtaining the value of absolute degree of dissociation of the acid in diiferen t 
concentrations. The present work is undertaken to make a similar study in 
nitric acid^ as thus far no one has attempted to determine the absolute degree of 
dissociation of this substance by a study of its Raman effect. 

EXPRRIMIJ NT A h 

The experimental technique is the same as that employed in the case of 
sulphuric acid. The Raman spectra of sodium nitrate and nitric acid at different 
concentrations are taken to compare the intensity of the 1050 line excited by 
the NOs' ion in the acid and the salt. Solutions of concentrations from 14.8SN 
to 3.3N are worked with and are exposed for equal times. The intensities 
of the lines are measured in the usual manner by employing a Zeiss step-filter. 


R K .S IT L T S 

The intensities of the lines are tabulated in the table I. 

TABI.K I 


Concentration 

(molal) 

1 

Intensity if equal 
exposures are given 

No. of NOy ions j 

Pt‘i centage clegr 
dissociation 

14.8s 

29.1 

1.96 

1 J 3-2 

13*5 

37 *^ 

2.55 

18 9 

12.15 

430 

2 90 

23 9 

10.80 

53.S 

3 63 

33.6 

7.2 

62.1 

4.19 

.S8 2 

5-7 

64.1 

4.33 

76.0 

4*5 

57.8 

3*90 

86.7 

3-5 

46.1 

3-12 

89.2 

23 

31.5 

2.13 

92.6 


Since, in the solutions of sodium nitrate, the molecules are assumed to be 
completely dissociated, the number of NO*' ions in that solution equals the 
, total number of molecules. Therefore, on dividing the intensity of the 1050 
line in the sodium nitrate solution by the total number of molecules of NaNOj, 
the intensity of the Raman radiation due to each NOa' ion "a" can be obtained. 
The intensities of the 1050 line in all the solutions are tabulated in column 3. 
Pividing these values of the intensities by "a” the number of NO,' ions “n” 



Electrolytic Dissociation in Nitric Acid, etc. 


187 


in each of the solutions of the acid is obtained. Dividing this number by the 
total number of molecules of the acid the degree of dissociation «. in each of the 
solutions is calculated and tabulated in column 4. 

To have an idea of the nature of the variation of the electrolytic dissociation 
of nitric acid with dilution, the degree of dissociation is plotted against the 
concentration for the different solutions of the acid in figure i . It is evident from 



Concentration in gui. niols. per 1000 c.c. 

Figure 1 

the graph that, in the higher concentrations, the rate of dissociation is veryT, 
large while in the lower concentrations it is less as is conspicuous from the 
smaller inclination of the curve to the dilution axis for these concentrations. 
A similar result was obtained in the case of solutions of suli)huric acid and it is 
explained as being due to the increased number of H-ions formed on dissociation, 
which favour the backward reaction in the equation in the case of smaller 

concentrations. + H^ 

It is quite likely that a similar explanation holds good in the case of nitric acid 
also. Due to the increase in the H-ions with dilution, the backward reaction 

in the equation HNO,^®=^NO,' + H* 

is more favoured than the forward reaction. , 
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In this connection, one point requires elucidation. It is assumed that 
sodium nitrate dissociates completely in solution, and the above calculation of 
the absolute degree of dissociation of the acid does not contemplate any poly- 
merisation of the NO3' ions. To test this point, solutions of sodium nitrate of 
concentrations 4.5N, 3.5N and C2.3N are taken and exposed for times proportional 
to dilution. The intensities of the 1050 line in solutions are measured and arc 
found to be in the ratio 224.5 : 227.5 : 228.1. From the above values of the 
intensity, it is seen that they are nearly equal within the range of experimental 
error,' and they confirm the assumption that sodium nitrate is completely disso- 
ciated at all concentrations and that there is no polymerisation of these ions. 

But, Sidgwick while studying the depression of freezing point of the 
solutions, finds that, on calculating the depressions on the assumption that the 
salts are completely dissociated, the values arc too low. h'or example, with 
the solutions of alkaline nitrates all of the same concentration 3N, he found 
that, while the calculated value of the depression ot the freezing point comes 
out to be as high as i2°.4C, the experimental values are between 6®.3C and 
9 .oC except for lithium nitrate where it agrees with the calculated value. 
Agiecing that the laws of dilute solutions cannot be applied to concentrated 
solutions, Sidgwick opines that the abnoimally low value must be due to some 
l)oIynicrisation of the NOy' ions into N2()o, in the concentrated solutions. The 
values of the depression of the freezing point calculated on this assumption 
will be too low and he thinks that this may be due to the hydration of the anions, 
and the high value of the depression in the litliimn nitrate solution may be due 
to the high capacity of the Li"^ ion to form a hydrate in virtue of its smallness 
and positive charge and the fact that it is the only alkaline nitrate that foims a 
hydrate in the solid form, adds strength to this view. 

If, as is assumed by Sidgwick, it is true that ions polymerise in 

solution, the method adopted in this work for the calculation of the absolute 
degree of dissociation of nitric acid is based on a wrong foundation. Supposing 
that there is a certain number of polymerised NOa' ions in 4.5N solution, of 
sodium nitrate, and that when the concentration is reduced, a depolymerisation 
of some of the NaOe molecules is to be expected as the polymerised molecules 
always do so on dilution. Also, 2 sets of Raman lines, one corresponding to 
NaOc type of molecules and the other due to NOa type are to be expected as in 
the case of solutions of acetic acid where Koteswaram® found that there is one 
set of lines corresponding to polymerised molecules and another set corresponding 
to the single molecules, the former set of lines being more prominent in concen- 
trated solutions and as the solution is diluted, they become feeble, while the 
latter set becomes strong. 

We do not find a similar behaviour in the case of Raman lines of nitrate 
solutions, and therefore we may assume that no polymerised molecules exist. 
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But, by some chance, the radiations excited by both the types of molecules 
may happen to be identical, in which case, the intensity of the 1050 line 
increases in intensity as the dilution is increased due to increase in the number 
of NOj ions formed on depolymerisation. As is already pointed out, the intensity 
of 1050 line did not change with dilution, thereby indicating that there is no 
increase in the number of NOg ions, 'therefore, it can be safely concluded that 
the N(^3 ions arc not polymerised, «nd the calculation of the degree of disso- 
ciation of nitric acid given in tabic 1, bised on this assumption, is correct. 

The smaller values for the loweriiig of the freezing points may he due to 
the lowering of the osmotic pressures ol the solutions due to the inter-ionic forces, 
as explained by Debye and Huckel. 


In conclusion, the author wishes to icioid his grateful thanks to Dr. I. 
Ramukrishna Rao under whose diiccli^u the picsent work is undertaken. 
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FRICTION BETWEEN A LIQUID SURFACE AND A SOLID 

NOT WETTED BY IT 

By D. S. SUBR/^MANYAM. M.A. 

!rl 

{Rrrdv‘'d for piii^licatton, l^tarch, lop) 

■fi 

ABSTRACT. Tf the narrow uniform st^ attached to an osoillatin^r float is j^iveti n Uiin 
coating of paraffin wax, the oscillations ste very quickly damped and the value of the 
logarithmic decrement increases as the ampHfode decreases. The hypothesis is made that this 
is due to friction between the solid and the tfeuid, which is of the same nature as that between 
two solids in relative motion, .\pplying the Imalysi.s of vibrations damped by solid friction in 
addition to fluid friction to these oscillations, it has hern possible to (*alculate the value F, of the 
limiting kinetic frictional force per cm. of the line of contact. The values obtained with 
three stems of diameters 0.246 cm., 0.296 cm and o 360 cm. have been found to he practically 
uniform: 15.36, 14.86 and 15.42 dynes per cm. respectively Tt is also found that the value of 
this friction decreases at low velocities and that it is considerably reduced by contamination 
of the water surface. For rough surfaces it is found to be higher and, in addition, to .show 
a rise in value as the vetocitv increases For palmitic acid 1' is found to be 17 02 <lyncs 
per cm., and for stearic acid 27.90 dyne.s per cm. 

These experiments confirm the hypothe.sis made by Adam and Jes.sop, in regard to the 
hysterisis of contact angle, that it may be the effect of a frictional force, F, operating along 
the solid surface with equal intensity as the liquid advances or recedes. 


INTRODUCTION 

While working on the oscillations of a float for verifying Stokes' theory 
of a sphere oscillating in a liquid,’ it was found that the damping was very 
high sometimes and the logarithmic decrement, A, several times greater than 
the normal value {vide Tables i and 2). Another interesting observation was 
that the value of A increased as the value of the amplitude of oscillation 
became smaller. This is possible if the resistance offered to the motion of the 
float is independent of its velocity like friction between two solid .surfaces in 
relative motion. This additional damping, on investigation, was found to be 
due to the contamination of the stem, for after repeated cleaning and washing 
of the stem, the damping was reduced to the normal value. It thus became 
evident that if the surface of the stem is contaminated, the surface of water 
offers frictional resistance to motion across it. Contaminating the stem in a 
known manner — giving it a coating of paraffin wax, for example, —it should 

» Communicated by the Indian Physical Society. 
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possible to study this frictional resistance between the surface of water and 
paraffin wax. The present paper is the result of investigations made in this 
direction. 

This resistance to the motion of solid across the surface of water has a 
bearing on the angle of contact. It is found in the determination of the latter 
that the angle is much larger usually if the liquid is advancing than it is 
receding. This difference between the advancing* and receding angles is called 
the ‘ hysterisis * of the contact angle, and so far the cause of this hysterisis 
is considered to be obscure.^ Adam and Jessop** attempted to formulate the 
hysterisis as the effect of a frictfonai force, F, operating along the surface with 
equal intensity when advancing and receding motions were just prevented. It 
can be easily shown that if 71... is the surface tension of the liquid, ^i, and 0 ^ are 
the receding and advancing angles respectively, 2F==yjA (Cos - Cos 6 , ). They, 
however, consider the description to l)e ‘ formal ' for ‘ it is difficuit to sec how 
there can be a permanent frictional resistance to the motion of a liquid over 
a solid.' An alternative explanation adopted by most writers is that the work 
of adhesion between the liquid and the solid surface is actually different for a 
dry surface and for one that has been wetted even for a short time. The results 
of the experiments reported here go to show that the hypothesis of friction 
between the liquid surface and the solid is able to account for the large damping 
observed in the oscillation of the float in a satisfactory manner. The hypothesis 
of Adam and Jessop may therefore be taken to be confirmed I>y these experiments 
and their description considered to be real and not merely formal. 

THK OSCTbb AT I N('r !• I. ( ) \ T 

The experiment was conducted on similar lines to the previous experiment’ 
on the verification of Stokes* theory. The hollow spherical body of the float 
of diameter about 6" has a glass stem of diameter about 2.5 mm. and length 
about 25 cm. attached to it radially. The sphere is suitably loaded with lead 
shot so as to make the sphere go under water with a portion of the stem 
above the surface. At the top of the stein is attached a small pan in w'hich 
weights are placed to make the float sink to the desired point on the stem 
which is about its middle. A millimetre scale of length 10 cm. is attached to 
the stem below the pan and the turning points of the float as it oscillates up 
and down are read with the help of a reading telescope from a distance of i j 
metres, ^he tank of water in which the float oscillates is oval in shape and 
is about 5^ ^ 3 ^ ^ It is kept in a closed room from which draughts of air are 
excluded. The float is initially kept displaced upwards from its equilibrium 
position and the wire attached to the top pan clamped between two vertical 
jaws. Releasing the clamp made the jaws go apart, when the float went 
dowp and oscillated. This method of starting was found to be as satisfactory 
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as the previous one in which the float was tied up by an unspun silk fibre 
and started to oscillate by burning it. The method has au advantage in that 
the setting in the required position can be obtained more easily and speedily. 

Cleaning the watei surface : Before obsei vations were made the water 
in the tank was made to overflow' and the surface blow'ii over from one side 
by an electric fan. This rendered the surface of water clean. 

The experiment was first conducted with a clean stem without a coating 
and the damping observed. Paraffin J wax was dissolved in benzene and the 
solution then applied to the stem froi^ lop to bottom by means of a small brush 
previously cleaned in benzene to form 'a very thin layer. The experiment wa^s 
repeated after the coating dried. 

Below are given typical sets of ojbservations of consecutive turning points 
taken (t) with the clean stem and (2) vyith the stem coated with paraffin wax : — 

Mean diameter of the spherical body of the float : 7.71 cm. 

Mean diameter of the stem : 0.246. cm. 

Peiiod of oscillation : 51.6 sec. 


Table 1 

( With clean slew) 


Turning IVjints ' 

1 

* Bxteiit of ing 

I/OgjoA 

Logic A « -LogioA 1 

! 


1 

— 

i3 3fc’ 1 

jy.72 

6.34 cm. 

U.8021 ! 

0.0578 

14 17 

5-55 

0*7443 ’ 

18.99 

4.82 1 

0.6830 1 

1 0.0613 

M.73 

1 4-26 1 

0 6294 

0 0536 

j8 49 

I 3.76 1 

0 5752 

1 0.0542 

15 ^9 

1 .3-3« 1 

0 5185 

1 0.0567 

j8 09 

1 2.90 1 

0 4624 

' 0.0561 

LS 52 

1 2.57 1 

0.4099 

i 0.0525 

17.77 

1 2 25 ! 

0.3522 

! 0.0577 


Mean of 4 .similar observations : 0.0566 Mean Value : 0.0562 


Table 2 

(With paiaffin wax coaiing) 


Turning points 

Bxtentof Swing 

A 

LogioA 

LogloA „ - Logic A H- 1 

12.62 cm. 

6.04 cm. 

0.7810 

0.1485 

18.66 

4-29 

0.6325 

0 1885 

14-37 

2.78 

0.4440 

0 2708 

I7-IS 

1.49 

0.1732 

0 5821 

15.66 

0.39 

I.59II 

0.9890 

S 16,05 

0.04 

2.6021 

0.0000 

16.01 

0.04 

2.6021 

0.0000 

160 5 

... 
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It is seen from this table that not only is the logarithmic decrement much higher 
than that observed with the clean stem but it also increases gradually as the 
amplitude decreases. This goes on until the stage marked S is reached when the 
amplitude becomes very small and the oscillations are observed through the 
telescope to continue for a time with much less damping. The oscillations thus 
appear to be divided into two series : the large oscillations with considerable 
damping and the small oscillations with much less damping. Further, it is found 
that the period of the large Ovscillations is very nearly the same as that observed 
with the clean stem, 51*6 sec. in the above case, while the period of the small 
oscillations is much less, only about 18 sec. The cause for these small oscillations 
is not quite clear. They may be due 10 the circulation set up in the water by the 
oscillation of the float which does not stop by the time the oscillations proper of 
the float die out, w'hich happens in a short interval of time in this case on account 
of friction. However, since this is a minute elTect and its nature has not been 
understood, the small oscillations will be omitted from the present study and the 
considerable damping of the large oscillations taken up for investigation. 

Starting with an extent of swing equal to 6 04 cm. the large oscillations come 
to an end after 5 semi-oscillations. This large damping together with the fact 
that the damping is proportionately greater at smaller amplitudes suggests that 
the resisting force responsible for this may be constant in magnitude, reversing its 
sign at the end of every semi-oscilJation, as in the case of friction between two 
solid surfaces. This hypothesis may be tested by applying the results obtained 
for oscillations damped by solid friction to these large oscillations. 

ANALYTICAL STUDY OF VIBRATIONS DAMPED BY 
SOLID FRICTION IN ADDITION TO 
FLUID FRICTION 

The values of the logarithmic decrement A of the float with a clean stem are 
found to be constant {vide Table I), which shows that the surrounding fluid offers 
a resistance which is proportional to its velocity. With the paraffin wax coating, 
resistance of the type of solid"friction is brought into play in addition, so that the 
effect of both fluid friction and solid friction on the vibrating body has to be 
considered. Jenkins and Thomas^ have given a spiral construction to represent 
this kind of motion, extending that given by Rowell''^ for the case of solid friction 
only. It will be assumed that the bulk of the liquid in which the float moves is 
at rest so that the relative velocity between the float and the liquid at a distance 
can be considered to be the velocity of the float x itself and the fluid friction to 
be c^, where c is a constant. The equation of motion may be written to be 

M:i'= ±/— Ra;*-C2c, »•« (i) 

R being the restoring force per unit displacement from the position of equilibrium 
between the weight of the float and the upward thrust, and / the limiting kinetic 
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frictional resistance. R is evidently equal to apg where a is the area of cross- 
section of the stem, p the density of the fluid, and g the acceleration due to 
gravity. M is the virtual^ mass of the float. 

Writing /y/| and n= we find that when the fluid 


, 2 

damping is not excessive so that - or R > - the solution is 

4M- 4M2 


x= +Ae 


ci 

2M 


cos (n/ e) ^ 


( 2 ) 


and — Ae 


ct 

2M 


) . c 

n sin cos (uf + e) 

2M 


= —pAe 


cl 

2 M 

sin(nt-H6* + ^) 


(3) 

(4) 


where cos^>=-- and sin 0 

p 2Mp 

It should be noted that the sign of / is the same as — x. Also / is a limiting 
value and equation (i) ceases to apply when x is zero. The constants A and e in 
equation { 2 ) depend upon the initial conditions. 

The motion is represented diagramatically in the figure. Starting the 
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reckoning of time when the vibrating body is about to start from one extreme 
position, we have, if i) is the displacement at this instant, 

di=j^ +Ai cosej ... (5) 

and since the velocity x is zero 




o=— sin(« ] (6) 

from which it is seen that 

= ... ( 7 ) 

/. di=^+Aicos0. ... f8) 

R 

If YY be drawn making an angle —0 with XX, a point f 1 taken on it so that 

oci cos 0=:/ and a point Dj so that t iDi = Aj, it is seen that the displacement 
R 

di is given by the vertical projection oltj of oD^ upon XX. At any sub.sequeut 
moment in the next half oscillation 


<•< 

x—J^ +Aj.c “^cos(n<-0) ... (y) 

R 

SO that the displacement at the time t may Ix? derived from the vertical projection 

cl 

of the rotating arm Ajc which revolves al angular velocity u about the 

centre the extremity of the arm describing an equiangular spiral. And 



ci 

2M 


.sin )ii. 


(10) 


Thus values of ( - ) 


are given by the lengths of the perpendicular projectors 


such as PQ from the extremity of the rotating arm OI* on to VY. When the spiral 
curve intersects YY, the velocity of the vibrating mass is zero, the tangent to the 
spiral curve is horizontal and the vertical projection of the point of intersection 


gives the extreme displacement of the vibrating body. Thus ^ next reverses sign 

R 

at Ds when that is, when f=— , so that for the next half oscillation, 

n 

changing the constants to meet the altered conditions, we have 


«= — ~ + A9.e 


SL 

2M 


•cos (wf + 69) 


... (ll) 
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- sin (n^ + <?2 ... (12) 
Commencing anew at the point of discontinuity for this half oscillation again, we 
have f==o at the instant represented by the point Dg, so that, since both sets of 
equations ;9) and fio), and (ii) and ^12) must be satisfied for this point 

C 7 ^ 

~/>.A2sin(€2 + 0)«o= tr/».Aic sin n- ... (13) 


or 


••• (14) 


CiT 


and 

d2 = x= -J +A2 cos(!r-^ = ^ +Aie cos (!r-(|i>) 

K R 

... (15) 


'1 CTT 


or 

A2 COs{n- — 0) “HAi.C ‘'^^”cos (:r — 

R 



CTT 


/.r. 

— A2 COS 0 * ^ A 1 (' ^ ^ .cos f 



or 


A 2f . A ^ 2M?? 

A2- - +Aic 

R COS0 


... (16) 


If we take a point ( ^ on the other side of YY, so that, ^20= - - , it is seen 

R COS0 

CTT 


that 


^'1 


Do=:Ai 


2 Mt 7 


and 


2/ 

— » SO that A2~r3D2. 

K cos ft> 

it 


Thus r2 now 


represents the centre of the oscillation and A2r w ill be the rotating arm of 

the spiral for the next half oscillation. In this way the construction may be 
continued, the centres of the spiral shifting from to r2 veisa until the 

spiral cuts the line YY at a T)oint between C] and t 2» when the body will eome to 
rest, the restoring force now acting being balanced by the force of friction. For 

CTT 

this to happen, Ane must be less than --- or more strictly speaking 

^ R cos <p 

where /* is the limiting value of statical friction and An is the value of 

Rcos 0 

the rotating radius at the beginning of the last half oscillation. 

The above investigation may now be extended to determine the positions 
corresponding to the centres of oscillation cj and from the turning points of 
the vibrating body. The value of the frictional force / can then be obtained. If 
Ei» E2,... are the positions of the turning points, OE|=di, OE2"*dj|,.... Draw 



198 D. S. Subrahmanyam 

cjbi and horizontal through cj and cq cutting the vertical through o in 

and 62 respectively. 


Then 


obi — oCi cos . 

1 1 

... (17) 

Similarly 


ob2^0C2 cos 

K 

... (18) 

so that 


it 

0 

{19) 

Again 

and 


biBi — CiDi cos ^>=Ai cos (j> 

biK2 = CiD2 cos 0 . 

(20) 

(21) 

But 


— 

c,Da = AiC 2Mn. 

(22) 

• 

• t 

6 xEa 

err err 

= Ai COSMIC 2Mn_ g2Mn [from (10;] 

... (23) 

• 

E, E 

■ 2 =Uh l-:,+ b,Ea) = b,E,(i + f 

... ^24) 


If the same oscillating system can be studied without solid friction and if 

aj, a2, as, be the magnitudes of the successive swings from one turning point 

to the next obtained, then we have the case of damped simple harmonic motion 
for which it is known that 


Cl I ^ (I2 ^3 

(I2 ^3 ^4 


cn 

= fc=e2Mn = 


(25) 


where A is the logarithmic decrement of the system. If A be known, k can be 
calculated and 


r?r 

^ k 


(26) 


so that substituting in (24), Ej E» 


= b,E.(i + -h = fc.E, 

k 


(fc + 1) 

~k ' 


or 


bxE,=EaE* 


(k + i) 


(27) 


When the turning points Ei and E* are known, the value of bjEj can be 
calculated from the above equation and the position of 6, determined. Similarly 
if Ea, Ej are the turning points for the next half oscillation, it follows that 


baEa^EaEa" 


fe 

(fc+l) 


... {38) 
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and the position of b, can be determined. In this way the centre of oscillation 
for each half oscillation can be calculated, 6, and bj being obtained from alternate 
half oscillations. When the value of bib, is thus obtained, the value of the 

frictional force / is easily calculated from (19) : — = bib,. 

K. 

APPLICATION TO VU^ OSCILLATING FLOAT 

The value of k corresponding to the value of A = 0.0566 to base 10 as recorded 
in table i is 1.140. Applying the abovi method of obtaining 61 and 63 to the 
observations recorded in Tabic 2, we get the following results : — 

Ta^h 3 


Turning Points 

Extent of Swijig 
RiR^ctc. 

RA etc. 

Cl 

(R,+R,C,) 

C, 

(Rj-E,6j) 

12.62 cm. 

6.04 cm. 

3.22 cm 

15.84 cm 


18 f.6 

4 29 

2.29 


16 37 cm. 

14 37 

2 78 

1.48 

15.85 


17. T5 

1.49 

0.79 


16.36 

15.66 





16.05 

Mean Values : Cj 

15 ^45 




C2 

16.365 cm. 




O1C2 

0.52 cm. 



The last half oscillation of the series is not included in the above calculations 
as the small oscillations that commence then introduce some uncertainly in the 
position of the last turning point. If the observed turning point 16.05 is accept- 
ed, the corresponding value obtained for Ci will be 15.87 cm. The results 
obtained are of great significance. They show that the damping of the large 
oscillations is not an irregular pheiiouienon but it is the consequence of a 
systematic frictional force operating on the vibrating body. The experiment is 
repeated, varying the initial position of start. The following mean values aie 
obtained for C1C2 : 

0.52 cm. ; 0.52 cm. ; 0.50 cm. ; 0.50 cm. ; 0.51 cm. ; 0.50 cm. ; 0.52 cm. ; 
0.52 cm. ; 0.49 cm. ; 0.49 cm. ; 0.50 cm. ; 0.52 cm. 
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It should be noted that a millimetre scale is read through the telescope in 
the experiment so that the second decimal place recorded in the observations is 
an estimated value. The values of C1C2 may therefore be taken to be constant. 
The mean of ali the above values is 0.51 cm. 

Now if we put equal to h, 

j\ 




and 


Bill 


K-apg 


where r is the radius of cross-section of the stem. 

J-^f^pgh ... (29) 

A simple assumption that we may make in regard to / is that it acts along 
the line of contact of the liquid surface and the stem and that it is proportional 
to the length of the line along which it acts. Then if F is the force per unit 
length 


f—2nr.V 


or 


K= / 

25Tr 


[from (29)] . 


(30) 


(I) In the above experiment 

f = O.I23 

/o = i gill, per c.c. 
g*=979 cm. per sec. per sec. 

and h = - 0.255 eni. 

2 


^ ^ s- 15.36 dynes/cni. 

2 

The limiting value of the kinetic frictional force per / cm. between 
paraflBn wax and water is 15-36 dynes. 

{II) The experiment is repeated with a second glass stem of mean diameter 
0.296 cm. A typical set of observations is given below : 

Mean value of logarithmic deaement to base 10 : 0.0532. 

Corresponding value of k : 1.131 ; Perjod=43.2 sec. 
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Tabi<e 4 


Turning Points 

20.14 cm. 

Extent of Swing 

7.11 cm. 

KiCi etc. 

L J 

3.77 cm. 


16.37 cm. 

CA 

1 ~ 

18.03 

5.47 

2.90 , 

15.93 cm. 

0.44 cm. 

18 50 

4.06 

2-^5 ; 

16.35 

0.42 

14.44 

2.84 

1.50 ' 

15.94 

0.41 

17 28 

1.77 

0.94 j 


16.34 

! 0.40 

— - 

— 

' —Ip- - — 

-- — - 

— — - 

— 

15.51 

16.40 ' 

16. ao ] small | 
16.23 \ oscilln- 

0.89 

0.20 

^ 47 y 

‘v 

0.11 

1 " 

15-98 

16.29 

0.36 

0.31 

16.20 ) Hons. 


i 

- — ^ 





\ Mean Value of CfCj (of the first four) : 0.42 eni. 


Mean values of bib 2 or 2h obtained by repetition of the experiment are : 

0,42 cm. ; 0.41 cm. ; 0.41 cm. ; 0.41 cm. ; 0.4 j cm. ; 0.41 cm. ; 0.40 cm. ; 
0.41 cm. 

Mean of these values : 0.41 cm. 

= 0.205 cm. 

Substituting these values in (30), we get 


j^.148 X I X 979 X 0.205 

> 

= 14.86 dynes per cm. 
(HI) Values obtained for a third stem ; 

Mean diameter of the stein : 
lyOgarithmic decrement to base 10 : 
Value of k : 

Period of oscillation : 


0.360 cm, 

U.0472 
1.115 
35.14 sec. 



I4S9 

145 * 

14.58 


Mean Value : 0.34 cti|. 
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Mean values of djda or 2h obtained by repetition are ; 

0.34 cm. ; 0.34 cm. ; 0.36 cm. ; 0.36 cm. ; 0.35 cm. ; 0.35 cm. 

M^an of these values : 0.35 cm. 

0.175 cm. 

P^ o.iSqx I X 979x0,175 

2 

= 15.42 dynes per cm. 

Thus the values of the limiting kinetic frictional force obtained with the 
three stems respectively are 15.36 dynes per cm., 

14.86 dynes per cm. 
and 15 42 dynes per cm. 

The fair agreement between these values shows that the assumption made 
that this frictional force is proportional to the length of the line of contact is 
justifiable. 

Kinetic and Statical Friction: — From the theory of vibrations developed above 
it is to be expected that the float should come to rest at end of the nth semi- 

oscillation, when Awe \s less than , f, being the limiting statical 

K. 

friction. The float, on the other hand, is found to execute small oscillations. 
This variance is due to the short-coming of the theory, in that no account has 
been taken of the disturbance in the water of the tank which is produced by the 
oscillations. The centre of small oscillations, however, does not generally 
coincide with the point of normal equilibrium, o, which is the mid-point of CiCg* 
From Table 3, it is seen that the position of o is 16. ii cm., while the centre of 
small oscillations is 16.03 cm. Similarly in Table 4 the centre of small oscillations 
is 16.22, while o is 16.15. If is also found that the centre of small oscillations 
may lie on either side of o. Since the float ultimately comes to rest at this centre > 
it is seen that the float can remain in equilibrium at any point within a small 
range on either side of o, showing thereby that there is also a statical force of 
friction between parafiSn wax and veater. It is an interesting observation that a 
floating body can have mote than one position of equilibrium if the liquid does 
not wet the surface of the float. It has been possible, by trial, to keep the float 
with the 0.246 cm. stem in equilibrium at different points within a range of 2 mm. 
A satisfactory method has yet to be devised by which the range corresponding 
to statical friction can be accurately determined. 

Attention may also be drawn to another point which may be illustrated from 
Table 4. Values of CiC^ obtained from the first 5 half oscillations are fairly 
constant or may be considered to have a very slight gradual decrease ; but when 
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we come to the 6th half oscillation, for which the extent of swing is 0.89 cm., 
there is a sudden and appreciable shift in the position of Ci (15.98) towards 
0 (16.15), showing thereby that the value of kinetic friction has become less. 
The time for this half oscillation is 21.6 sec. so that the average velocity during 
this motion is 0.89/21.6 cm. /sec. or 0.41 mm. per sec. This appreciable reduction 
in the value of kinetic friction when the amplitude is reduced is a common 
observation in these investigations, ^'^lis is another reason for omitting the last 
large half oscillation in the above' calculations, from which the steady value of 
F is obtained . j 

Ablett’s work : — These observ^ions are in qualitative agreement with the 
results obtained by Ablelt^’ for the reipeding and advancing contact angles between 
paraffin wax and water. From the rdatiou 2F = Yi.a (cos ^'i,- cos fi*) it is possible 
to calculate the value of the frictioi|Bl force (kinetic) from the values of and 0. 
obtained by him, since Yla, the surfac^ tension of water, is known. Ablett finds 
that the values of the advancing aqid receding angles remain practically constant 
for speeds of 0.44 nim. per sec. and above, while for lower speeds the difference 
between the two angles is less. His values are as follows : — 


Tabi,e 6 


Velocity inni./sec. 

i 

Ba 

Bn 

— ^II 

0.1573 

109* - 24' 

1 

s 

! 9 * -50' 

0.1943 

no ~3i 

98 -45 

21 —46 

0.1313 

J12 - 8 i 

97 -5 

»5 -.ti 


Mean 

Values 

. 

0.441 and above 

113 -9 

96 —20 

16 -49 


Assuming Vla to be 75 dynes per cm. the value of F corresponding to the 
mean values noted above is 

2F = 75 (cos 96". 1 2' -cos ii3°.9') 

or F= 75 ^<^'-282 

2 

the value of the kinetic frictional force is therefore 10.58 dynes per cm. This is 
decidedly less than the values calculated from the float experiments. This may 
be due to the difference in the nature of the surface of paraffin wax obtained on 
the stem from that in Ablett’s experiment. There may be also another explana- 
tion for this difference. It is not stated ip his paper whether the surface of water 
is cleaned before making the observations. Any smalt contamination present 
on the surface of water is found to affect the value of this friction considerably 
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(as will be seen in the next section) and the lower value obtained by Ablett may 
also be due to a trace of contamination that might have been present if the surface 
was not cleaned. 

CONTAMINATION OF THE WATER .SURFACE 

Before the study of the effect of contamination is taken up the upper edge 
of the tank is given a coating of paraffin wax since it is found that reliable results 
with thin films of fatty acids can be obtained under those conditions. The 
contamination is supplied by dissolving one drop of oleic acid in 6 c. c. of benzene 
and adding 4 drops of the solution to the surface of water in the tank. The 
vigorous spreading of the last benzene drop showed that the film was not 
complete, for it was found previously that when the film is complete there is no 
vigorous spreading but the drop collects in the form of a lens and evaporates 
slowly. Results obtained with this amount of contamination arc given below'. 
The exireriment was conducted with the stem of diameter 0.246 cm. 


Table 7 


Torning Points 

Kxtent of Swing 

E.C, etc. 

C, 

1 

C, 

12.23 

7.02 cm. 

5-75 

15.98 cm. 


J 9 a 5 

5 .SS 

3-14 


16.11 cm. 

13.37 

4.91 

2.62 



18.28 

4.o«S 

2.18 


16.10 

14.20 

3-30 

1.81 

16.00 


* 7-59 

2.76 

147 


16.12 

14.83 

j 

j 2.I9 

1.17 

16.00 


17.02 

i 2-70 

0.91 


16.11 

15-32 

1-25 

067 1 

15.9Q 


16.57 

0.86 

0.46 


j6.i] 

15.71 

0.48 

0 26 1 

^ 5*97 


16.19 j 


Mean Values : 

15-99 

16. 11 

26.03 1 






6162— 0-I2 cm. 
»nd A =0.06 cm. 


p>_ 0.123 ^ I X 979 ^ o-o 6 
2 

=3.61 dynes per cm. 
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The value of the kinetic frictional force is reduced to about one-fourth by the 
contamination. This shows how even a small amount of contamination has a 
c'onsiderable effect on the frictional force between the surface of water and paraffin 
wax. 


Palmitic acid 

The experiments were also conduced with coatings of palniitii' acid and 
stearic acid given to the stem (of dianietjer 0.296 cm.) in the same manner hy 
dissolving in benzene These have thfe property of spreading on water unlike 
paraffin wax, and conditions of the watensurface as well as the stem gradually 
alter as the float oscillates up and don n. Observations taken at the first start 
are given below : 


Tai4k s 


Turning Points 

Extent of Swing 

RiC. etc. 

1 : 

i I 


i 3'99 cm. 

5.03 cm. 

: a.67 cm. 

1 16.66 cm. 1 


19.02 

3.55 

1. 88 

1 1 

17 14 cm. 

15.47 

2.27 

j 1.20 

16.67 i 

17.74 

x,i6 

0.61 

1 ! 

17.13 

16.58 



^ i 

16.87 


1 

1 


16.82 


Mean Values : 

! 16.665 

17.135 


These values may be taken to be fairly constant. The mean value of bib2 
is 0.47 cm. so that F is equal to 17.02 dynes per cm. In subsequent oscillations 
the value of b\b2 is found to change gradually, the consecutive values in an 
experiment being 0.54 cm., 0.51 cm. and 0.48 cm. respectively. 

Sieatic acid' 

( Ibservations of the first series of oscillations with a coating of stearic acid 
on the same stem are as follows : 


Table 9 

Turning Points 

Extent of Swing 

EiC, etc. 

c, 

cr 

11.30 cm. 

19.28 

*.^69 

17.1Q ■ 

1.S.55 

7.98 cm. 

5.59 

3-50 

1.64 

4.23 cm 

2.97 

1.S6 

0.87 

^ 15.53 cm. 

15.55 

16.31 cm. 

16.32 

15.81 

15- 76 


Mean values : 

! 

1 

15-54 

16.31 
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The mean value of hib.j is 0.77 cm. from which F is calculated to be 37.90 
dynes per cm. a value much higher than that for paraffin wax or palmitic acid. 

ROUGH SURFACES 

The experiments described above were worked on the day next to the 
one on which the coating was given. This time was sufficient for the coating 
to dry. The values obtained for kinetic friction were fairly uniform. But if 
the coated stem was allowed to stand exposed for some days, the nature of 
the surface was found to alter, it became more rough, and the friction 
increased. The values of were, moreover, not uniform but showed an 

increase with increase in amplitude. Observations obtained with the .stem of 
diameter 0.296 cm. (normal value of 6162=0.41 cm.) a week after the first 
experiments were performed are given below : — 


Tabi.e 10 


Turning Points 

Extent of Swing 

KiCi etc. 

Cj 

Cj 

CiC, 

11.60 cm. 

6.37 cm. 

3.38 cm. 

14.98 cm. 

— 


17.97 

4 - 5 ^^ 

^.43 

— 

15.54 cm. 

0.56 cm. 

13-39 

3.12 

i.e)6 

15-05 

; — 

0.49 

16.51 

1.81 

0.96 

1 

15-55 

0.50 

14.70 

0-77 

O./fl 

15.IT 

— 

0.44 

15-47 

- 

— 

i 

— 

— 

15.35 

— 

— 

I 

— 

- 

15.40 

- 

. 

— 

— 

— 


These are the types obtained whenever the surface is rough. It is thus a 
common observation that for rough surfaces the kinetic friction is not only 
greater but shows also a rise as the amplitude (i.e., the average velocity) 
increases. x 

friction an 13 HYSTERISIS OF CONTACT ANGLE 

The reasults of the experiments described here are in close agreement with 
the observations on the hysterisis of contact angle. The agreement with Ablctt’s 
work has already been mentioned. The reduction in the value of friction on 
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adding contamination to the surface of water can be deduced from the following 
equations ; 

Wbl =7i^(l + COS 6), ... (31) 

when WsT, is the work of adhesion between the solid and die liquid, and 

aF=yM(cos<^ -cos«?a )• ... (32) 

From equation (31) it follows that i^hen y,A is lowered on account of the 
contamination, the contact angle (the reading as well as the advancing) becomes 
less, since Wbl cannot be altered by the change. These changes and the 
reduction in the value of yu may be t^en to be responsible for lowering the 
value of the friction. In the case rough surfaces also there is agreement. 
It is found that roughness of surfaces Increases the angle of contact and also 
the hysterisis.* The float experimeits give the additional information that 
kinetic friction increases with inci'case of velocity in these cases instead of 
attaining a steady value as in the case of smooth surfaces. From these 
considerations it follows that there is a close correspondence between hysterisis 
of contact angle and friction. 

It liccomes necessary therefore, in the light of these results, to reconsider 
the ideas entertained in regard to hysterisis. It appears doubtful whether the 
explanation “ that the work of adhesion lietween the liquid and the solid surface 
is actually different for a dry surface and for one that has been previously 
wetted even for a short time ’* * can be accepted. In the float expciimcnts the 
surface of the stem which gives the receding angle as the float rises up must 
be considered to be one which has been wetted previously, but as soon as 
the float reverses its motion and begins to sink, it will have to be consideied 
as one which is dry so as to give the advancing angle an explanation that 
is not convincing. Preference will therefore have to be given to the alternative 
hypothesis of Adam which postulates the same frictional force to be operating 
in both the cases and which further is amply supported by the results of 
these experiments. 


PRICTION AND WETTING 

In conclusion, the connection between friction and wetting may be pointed 
out. When the stem is clean, it is w-etted by water and a thin layer of water 
adheres to it as it comes out of the surface. In subsequent movements water 
outside moves over this layer and there is little friction. IMth the paraffin 
wax coating, on the other hand, there may be no possibility for such a layer 
as the stem is not wetted and frictional force comes into play each time the 
water moves over the surface of paraffin wax. The absence of the adhering 
liquid layer next to the surface of the solid may therefore be considered to 
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be responsible for the friction observed when the liquid moves over the solid. 
Friction between a solid surface and a liquid is probably a general phenomenon. 
If such a view is taken, it should follow that even in the case of a solid 
that is wetted by a liquid there is a frictional force operating when the liquid 
advances over the dry surface of the solid for the first time. The low 
values obtained for the rise of water in a capillary tube when the walls are 
dry may lie due to this cause. While there may be some doubt in regard to 
this view that friction between a solid and liquid is general, there can be no 
uncertainty howex’er as to its being present between a solid and a liquid that 
does not wet it, as is found with paraffin wax, palmitic acid and stearic acid. 

It may be noted in this connection that the place where the friction 
comes into play is not the whole area of contact between the liquid and the 
solid. The friction is mainly due to the relative motion between the solid 
smface and the layer of liquid next to it, but in the case of liquids it is 
commonly understood that there is no slip Itetween the solid and the layer of 
liquid next to it so long as the liquid is in contact with the solid. There 
can be this relative motion only at the place where the surface of the liquid 
is advancing or receding or over the solid, so that it may be said that the 
friction is between the surface of the liquid and the solid. Reduction in the 
value of friction when the surface of water is contaminated (which affects the 
surface and not the body of liquid), and the result that the force of friction 
is proportional to the length of the line of contact lend support to this view. 
The title to the paper is given accordingly. 

A. C. CoiW.E, 

GUNTI’K. 
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" ON A THEORETICAL ESTIMATE OF AN UPPER LIMIT 
OF STELLAR DIAMETERS 

By N. R. SEN 

{Rrcriveil jor [ntb^icaiion, March u, 

ABSTRACT. Qm-sidering the stellar body as a polvtrope whose index v.aries from shell 
to shell, an upper Ixmnd has In en obtained, from the eomlitions of mechanical equilibrium, 
for the product t'l’ (radial distance x lemiiertitnre}, when the minimum value of the polytropic 
index and the maximum value of the ralai> of radiation to gas pressure within the gas mass 
are known. Taking the minimuni value of the index as i 5 and 3 approximately for stnall 
and large stars respectively, and defining the “ radius ” as the dist.iuce where the temperature 
falls to aljout a million degrees, the value of this radius has been calculale<l in terms of the 
mass of the configuration, and also of the maximum value of the ratio of the pressures. For 
stars of small mas.ses thc.se calculated rough upper hounds are not unsatisfactory, hut for large 
ma.sse.s they are rather t(X) high. 


I N T R O D U C T I (■» N 

Though Stellar bodies generally show a small range of variation in their 
masses, their radii vary within wide litnits. vSeveral inequalities are known 
giving tolerably good estimates of some of the physical characteristics, such as 
the central pressure, mean temperature, etc., of stars of known masses and radii, 
but no purely theoretical formula has been given for an estimation of the radius. 
In the present note is attempted an estimate of an upper limit to the size of a 
stellar body, primarily in terms of the ratio of the pressures, and finally in terms of 
the mass. The limits indeed are quite rough, but considering the fact that they 
do not involve the opacity factor, the law of energy generation, etc., and depend 
only on the condition of mechanical equilibrium, these rough values may be of 
some interest as setting some limit to the arbitrariness of the dimensions of stars 
purely from conditions of mechanical equilibrium. In the deduction of the 
relation it is necessary to assume some compressibility condition, a relation 
between pressure and density. We have taken quite a general type of such a 
relation, namely that for a variable polytrope, 

d{\ogV)=^i + ~^d{logp) ... (i) 

where the polytropic index v is variable from point to point of the star. Candler^ 
has recently investigated the physical properties of such a poly trope. The 

7-13S7P-III 
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estimates of upper limits made in this paper are dependent on Candler’s' results. 
The next paragraph recapitulates the relevant results of Candler. 

If P be the pressure, p(r) the density, and p(r) the mean density within a 
sphere of radius r, two variables X and Y can be defined thus 



Taken in conjunction with 

dV ... (3) 

di 1 ■ 

and 

dr 3 

and (i), it may be shown that X and Y satisfy a differential equation of the 
first order as follows : 


dX 


Y-" -X\ 

71+1 


r2 


(3 + X‘^)Y-2X 


fs) 


The solution curves of this equation have a very important characteristic. 
They all emerge from the origin and have unit slope there. The solution curves 
for ?i = i, 77 = 5 shown in the figure, as well as those for n ] =const., ti2~ const. 
If -i<wi<n2<5, the solution curve for 77i=const. lies entirely above that 
for 7 i 2 = const., and both above that for 71 = 5. 



Now, if in a certain stellar configuration n is variable, and lies between ni 
gnd njt then the solution curve for the star inJX, Y plane will lie entirely between 
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the curves for const, and const. From this important characteristic of 
the solution curves it can be concluded that many of the characteristics of the 
variable polytrope are intermediate between the corresponding characteristics of 
the poly tropes ni = const, and «2= const, at corresponding points (points with 
same value of X). For instance, if Pc be the ratio of gas pressure to total 
pressure at the centre of a star whose poly tropic indices lie between and W2> 
then 


, ;raO‘'ir 


<»(»,) 


i 8 k ^ 


... ( 6 ) 


where Dhij) and D(;;2) constants whose values have been tabulated by 
Candler^, and all other symbols have tW-ir usual meanings. 


D K n TT C T T ( ) N O AN U P P K K P O V N 1) 

It is to he noticed lirst of all that, for a uniform polytropc fw =constant 
throughout), the variables X and Y are the two invariants of the Rmden equation 
involving the Junden function and its first derivative, with respect to a Lane- 
transformation. It may thus be expected that in terms of these two variables 
the usual second-order equation will reduce to a first-order one. In fact, if we 
transform X and V to usual polytropic variables for w = constant, we obtain 




l2_ 

T 

I in-1 


where I| , I2 arc the two invairants 


(7) 


n-J w + i 

2 . - ( 8 ) 

^ and u being the variables of tliv iionnaliscd Einden equation.® The 
property which is important in the present di.scussion is that of Ij. It possesses 
a single maximum for given n.® The values of these maxima for different n are 
taken from the Tables of Hniden functions^ and shown in Table i. 


^Tabi.e I 

n V 6 Y max 

1-5 3-08 

2 2.65 

3 2.34 

4 2.20 

4.5 2.46* 
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We can easily construct a function involving radius, temperaUire, and the 
ratio of the radiation to gas pressure, which is a function of Y only. 


Putting 


we get 


and 


Thus 


or 




/-r=wr' 


Q fj '“t 

P ^ f* 




I 



K \ 

till 

■K f, 



“fT 



Y-1 


iT 

V g(i + <i) 






(9) 


fio) 


Kegardiiig the stellar body as a variable polytrope, let us siU)pose that its 
polytropic index n lies betweeu two limits « 1 and //2> su that // 1 
case of central degeneracy (non -relativistic), or of stars whose masses are not 
large we may take n\ ==1.5, while Uo taken to be less than 5. Thus, if 

the complicated pressure-density relation within a star be represented by a 
variable n [defined by (i)] wdth 1.5 as its lowest value, then by Candler's theorem 
the value of Y at any point within tlic star will be less than that for the curve 
5 at the corresponding point. In the general case this value 

will be less than that for the curve n 1 at the corresponding point. But wc have 
seen that for a fixed h 1, the relation between V and 1 is given by (7), and then 
Y has a single maximum whose value is shown in Table 1 . Hence the value of Y 
anywhere within the star will be less than this maximum value of Y for the 
said fixed value of ni (which is the minimum value of n within the star). Hence 
from (10) wc obtain 


rT ^ rT 

s/qiT-^'q) 


1-- "^/.H 


. / ¥ 
H y 4n-rtG / 


(wi + i)"^ =A. ... (11) 


p'or stars of small and moderate masses, we take »i == 1.5^ for which we get 


As=5.4 X 10 ^ V“^(cm.)(d^^.). ... * ( 12 ) 

For most small stars* the ratio of the radiation to gas pressure increases inwards, 
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and may be taken to be maximum at the centre. TJiis is always true if n does 
not exceed 3.* b'or stars of small masses, n docs not probably exceed 3.2s. We 
then write (11) and (12) as 

J 

I ... (13) 

where y is a iiuincrical constant introduced as a coinpensaliiii^ factor for the 
contingency that the ratio of radiation to gas pressure may not he nia.Niiniini at 
the centre. This factor, however, \m put equal to i for stars of not large 
masses, which is not far from truth. 

For stars in which the radiation i>rcssin*e is not sjiiall compared to gas 
I)rcssure, «i (the ininimimi value of /i) can probably be put much higher than 
1.5. For instance, for stars whose masses are such that m“(]VI/ ®) is greater than 
5.7, no complete degeneracy is possible, and the radiation picssure will also be 
considerable. For such wholly gaseous stars calculations have been made w ith 
= 3 (figures for » 1 — 1.5 are also given). If there arc convection zoncvS near the 
centre where adiabatic equilibrium may be assumed, then for stars of the main 
sequence « 1^1.5 ^^iH be quite good, while for more massive stars w’ith higher 
radiation pressure an intermediate value bet'ween 1.5 and 3 will be probably 
nearer the mark. In case of n\- (^3) should be replaced by 

1 

. V 4-’X = ... 

Pc 

Now as II may generally exceed 3, the maxiniinii \alue of q may not occur 
exactly at the centre, so y is expected to exceed the value unity, but the varia- 
tion of i] in the iiitciioi is not considerable (the outer portion of the star is left 
out of consideration), and y will always remain of the order of unity. But if by 
(j, we mean for ihe picsent the iiiaxiniuiu value of the ratio of radiation to gas 
pressure within the star, we may always put >— i. According to the recent 
theory of energy generation due to Atkinson, ( mmow^ and Bethe, the energy of 
the main sequence stars is generated in the extreme central region, so that the 
stars have mostly approximately point sources of energy. In such cases, as the 
numerical integrations by Kddington and Biermann show the ratio of radiation to 
gas pressure has the maximum value near the centre, and this characteristic is 
expected to be retained in most stars where energy is generated by the process 
suggested by Atkinsofl, Gamow and Bethe, and the radiative gradient is replaced 
by an adiabatic one. 

The following Table gives an upper bound of the product rT against the 
value of = the ratio of the two pressures within the star at the 
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centre. We shall rather put y= i, and, for the present, mean by the maximum 


value of q in 

the stellar interior. 

Tabi,e 2 



j (cm.) (deg.) 

1 

1 

I Qr 

1 

B./u. (cm.^ (deg.) 

4 

j 25 X 10^® 

i 1 

1 

3.1 X 10^8 

- 

1 13 X I()'8 

I 

<) 

i.g X io*8 

j 

1 7,8 X 

1 

■4 

1 .2 X io 18 

1 

2 

' X to' 8 

1 1 

‘>‘7 1 

0 5ft V 


We may generally put /i=i for stars in which hydrogen is abundant. 


INTRODUCTION OU MASS IN T 11 Iv U P P p; R II O U N D 

Under certain circumstances we can put the upper bounds in (13) and (13'J 
in terms of the masses of the star.s instead of the maximum value of the ratio of 
radiation to gas pressure. 

The inequality (6) gives an upper bound for in terms of the 

mass M of the star, strictly speaking in term.s of Both (i and 

being monotone increasing functions of (i-/:lc)> we can calculate 

from (6) an upper bound for (1- A’ c) ^ 7 A' r as well. Calling this upper bound 
F(M), we write 

<i-(M). ... (14) 

This, taken with the two equations (13), gives 

tT < y . ^ X 10’" (cm.) (deg.). ... (15) 

For main sequence stars with small and moderate masses we take the figure 
5.4, and put Y=i ; for more massive stars we take 4.2, and y to be of the order 

of unity. 

From Table 2, as also from equation (15) an idea about the size of the 
configuration can* generally be made, if by "radius” F we mean a central 
distance where the temperature has fallen to a value which is a suitable 
(otherwise arbitrarily chosen) fraction of the central value. This step is rather 
delicate and difiBcult. As nearly the whole of the mass of the configuration will 
be included within a spherical surface on which the temperature is a fraction (say 
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one-tenth) of the central value, the application of (14) does not produce any 
difficulty. For stars of small and moderate masses within which the radiation 
pressure is either very small, or not considerable, a variation limit for n between 
1.5 and 3.25 will be quite appropriate. I^et us now call that value of r' the 
“radius*' of the configuration where the temperature has fallen to, say, owe 
million dcgices. There are certain difficulties in fixing this limit too low. 
Firstly, though stellar conditions in the inside are roughly of uniform character, 
they diverge widely in the exterior, where the approximations will be faulty to a 
great extent. vSecondly, as the surface is approached, the gas pressure decreases 
very rapidly, and generally the ratio of radiation to gas ijressure will increase. 
An adjustment of this by the y factor may involve the use of sucli liigh values 
of y as to render the approximations useless. It may be expected that for stars 
of small and moderate masses a teinperatnre of about a million degrees will 
generally provide against this contingency. For this reason in Table 5 up to 
the value 5 in the first column, tlie factor y has been put equal to i. There will, 
of course, remain an outer envelope whose thickness is to be added to ?' for the 
total radius R of the star (which is connected with the efleclive temperature). 
For lion-massive stars, as Chandrashekhar’s investigation of stellar envelopes 
shows, the increase of the pressure ratio within the wdiole of the outer envelope 
up to about a million degrees does not at the utmost exceed 60% of its value at 
the bottom of the envelope, a consideration wliich suggests tliat it is not necessary 
to seriously modify our approximation 7—1 up to about a million degrees 
temperature. For stars of small and moderate masses the addition to r' for the 
outer part of llic envelope is also expected to be small, probably not above 20 to 
25 per cent. 

For stars of comi)arativcly larger masses vvitli largur radii, tlie results are 
much more uncertain. Firstly, the '’alue of 7 may be comparatively large ; 
secondly, larger values of the polytropic index // will tend to make the envelope 
more extensive. But there may be one fact in favour of the approximation. 
If the recent theory of energy generation be applicable also within stars of larger 
masses (it does not certainly apply to all large masses), the stars will have nearly 
point sources of energy, for which, as we have remarked, the pressure ratio 
increases inside near the centre and 7 will have a value not very much differing 
from I. If the arbitrary limit of the temperature of i million degrees be in- 
adequate, larger errors may arise. However, the question of the thickness of the 
outer part of the envelope will remain here uncertain. 


C A’L C TJ L T I O N 

Corresponding to the definition of the radius r', we shall have 
r'(M) < F(M) ^xio”cms., 


(16) 


5-4 

4.2 


X 10’' cms. 
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Table 3 gives the maximum values of /ir'(M)=U, corresponding to the values 
of (in solar units) in the first column, — hi the second column is the 

upper bound of i—iSr for corresponding values in the first column taken from 
Candler's Table ^ ; the tliird column gives F(M), i.e., the upper bound of 
calculated from the second column. The last column gives IT the 
calculated upper bound of /xr' (r' in solar units) by (16). For values in the first 
column greater than 5, calculations have been made both for r/i = i.5, and 1/1 = 3, 
and those for a = 1.5 have been put within brackets. 

For large masses is certainly greater than 1.5 but the values corresponding 
to ai = i.5 are shown to give an idea of the unattainable extreme value, y has 
been put equal to I in the Table. It appears the bounds corresponding to //i = 3 
are all sufficiently high to cover the cases of very large stars. As these approxi- 
mations have been made without taking into account the flow of radiation, the 
opacity factor, ioui.sation, etc., these rough upper bounds, for stars of small and 
moderate masses at least, may not be considered unsatisfactory. 


TAni.E 3 


fx.ni 

(M in © units) 



U 

(in O') units) 

0.5 

0.0017 

0.04 

3 

I 

0,0068 

0.08 

6 

2 

0.025 

1 (m6 

12 

5 

0.109 

! 0.37 

1 

2g 

10 

(•>.24) 

1 

j iiKO) > 

U7' f 


016 ) 

0.4S ) 

21) ^ 

20 

> j 

(1.0) > 



n.30 s ] 

0.77 s 

46 ) 

5"" 


(^•7) ] 

(134) ? 

1 

" SO ) 

0.70 S 

R 4 s 

100 

(n.f>8) ^ 

(2-5) ( 

(soo) ) 

1 

0.63 ) 

2.0 ) 

120 s 


The fttsf cnluvni f^ives ihr values of (mass of the star in alar nuits), and the last 
column the npl^cr Unlit of the radius in solar units. The ligurrs dihin {) for large masses 
give the values of the upper limits on the supposition that the loieest polyitopic index of such 
star is 7.5, ndtile the figures not withiu ( ) are the values for lowest polytropic index .s. 

The Table 3 shows that for small masses there is a linear ri.se in IT for 
varying /x/^M, which is approximately at the rate of 6 per unit increase in 
For stars of small masses we may put 
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We have collected the valuevS of the masses and radii of some stars in 
Table 4* They are taken from Tables given by Stromgren, and in Russel, Dugan, 
Stewart’s Astronomy, and are arranged into groups according to their masses. 


Table 4 


Name of tbt* star 

IVfass 

; ** 

Radius 

S. Ant. 

0.75 ) 

1.66 > 


0.4a S 

T.295 

\\\ TJ. i\ra 

0.69 ) 

^>.78^ 



o. 7 « ) 

Z. TTercules 

; i -63 ^ 

1 * 77 ^ 

i 

1-3 i 

3.29 s 

C. Hercules 

<>‘95 

I.Q 

R. T. Rac hr 

1 

4.9 

R. T. hac { 

j.g 

4-9 

r, X. Her hr i 

! 

2.06 , 

t.6 

Sirius A 

j 

2.34 

1.8 

Capella A 

1 

4.18 

15.8 

Capella B 

3 ‘. 1 ~ 

6.0 

pLi Scorpii 

12 

5‘5 

S ‘\iirig!i* (TL Comp' 

S.i 

5 1 

(K. CNmip) , 

14.8 

.'UO 

V. V. Cephei (IM.Comp) 


2130 \ 


102 \ j 

2930 ) 

1 

A. 0. Cassiopiac j 

i 

40 

19 

29 Canis Majoris A j 

J 

46 

20 

A comparison with Table 

3 shows that except 

for small masses the 


calculated upper bounds are rather too high. They indeed correspond to only 
one steller parameter M, whereas by Vogt-Russel theorem a complete description 
is i>ossible only in terms of two parameters. Hence values much higher than 
the maximum values in Table 4 are not altogether unexpected in our calculations. 
In this respect the cases of S. Ant., R. T. Dae, Capella A are interesting. Their 
values nearly touch, or are within hundred per cent, of the corresponding upper 
bounds. The calculated bounds appear to be exceeded by R-Auriga (infra-red 
component), V. V. Cephei which arc distinguished by their exceptionally large 
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radii. Chandrasekhar’s investigation of their envelopes shows that the masses 
of these stars are very probably contained within s to lo per cent, of their huge 
radii. Our approximations will not evidently apply to such deep atmospheres. 


RUFRRl^NCBS 

> M.N.R,A.S., 100 , 14 (1Q39). 

* British Association Tables of Knulen Fnnetions ; also proved analytically Bull. Cal. Math. 
Soc., 80 , II (1938). 

^ Taken from British Association Tables of Rmclcn Fnnetions. 

< This is discns.sed in a different paper by the author. 

* An Introduction to the Study of Stellar Structure, Chap YlIT, 
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ON SOME THERMODYNAMIC PROPERTIES OF A 
MIXTURE OF GAS AND RADIATION 

Bv N. R. SEN 


{Received jor pubHiidioUf March jj, jqii) 

A6STBAGT. Muulcn s tlieorciii oil thcixpaiisiou or coiilraclioii of a pulytropio mass 
with conservation of polytropic index liasj been extended to the case of a variable polyirope, 
which under similar conditions is shown to hiv e the distrihutiou of polytropic index nnehanged. 
A relation is worked out between N and n, tlie polytropic indices for iT, p) and [p, p) relations. 
P being the total pressure, and />, the gas pressure. From this, a method has been given for 
estimating the temperature di.sirihution in a variable polytrope when its maximum and 
minimum polytropic indices are known. 


1 N R 0 D U C T 1 0 N 

111 the ciirreiit astrophysical theories, stellar bodies arc studied as configura- 
tions of hot gas masses in cquilibiium, the radiation pressure playing in general 
ail important role in the interior. Polytropic configurations with constant 
indices have been investigated very thoroughly as stellar models from this point 
of view. But every stellar mass may be accurately conceived as made up of 
shells of matter in polytropic equilibrium with the polytropic index varying 
continuously within the mass from shell to shell. .Some attempts have been 
made to study such configurations recently. J 'Aldington' set the problem of 
finding those properties of such a variable poly trope, which he inter mediate 
between the properties of the two polytropes whose indices are constant, and 
identical with the upper and lower limits of the index of the variable poly trope. 
In this paper two simple thermodynamic properties of such variable polylropes 
have been discussed. The first is an extension of limden’s theorem" on the 
property of four intersecting (p, V) curves, representing two pairs of poly tropes 
of two different indices. It is shown that under similar conditions the distri- 
bution of polytropic index within a gas mass remains unchanged. Secondly, 
the relation between two polytropic indices corresponding to (i) gas pressure, 
and (ii) the total pressure has been investigated. Writing the gas law as 

dpu ^dp.dT 

P. 7 T 
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\Ve define a polytroi^ic index n by 

... (i) 

Pfj 


with 


djlog p) 
d{tog T) 


where v in general is variable. But the actual stellar material is a mixture of 
gas and radiation, and if P be the total pressure of gas and radiation, a poly tropic 
relation of the type 


rfP 

P 



(2) 


wdl subsist, where N is the effective polytropic index for the mixture of gas 
and radiation. We shall study the relation between N and n from purely 
tliennodynamic considerations. Candler's' discussion of variable i^oly tropes is 
based on the (P, p) relation, as the total pressure P appears in the equation of 
hydrostatic equilibrium, and so his results involve N. A relation between N 
and V enables one to show that iu a sense the temperature of a variable polytrope 
is intermediate between the temperatures of two polytropes with constant 
limiting indices, when the corresponding points are suitably defined. 


U X T K N S I O N O !• K U D E N* vS T II E O R E M T i) V A R 1 A P. h IC 

P O b Y T R O P U 

Let US take the different parts of a purely gas sphere to be in polytro[)ic 
conditions characterised l)y different indices, and let the index n be varying 
continuously with the radial distance r (fig. j). 



Let p be the pressure and V the specific volume at a point, and the (^,V) 
relation of any part of the gas sphere be represented by the continuous curve AB 
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on the (/^V) plane (fig. i). As the polytropic index is supposed to vary along 
AB, the heat capacity c will also vary along the curve, since H = 

We now prove the following theorem. 

Thcoroit, If ihe gas-sphetc undctgocs sonic slow change (e.g., general 
expansion or contraction) such that f very gas clcnicnt undergoes a change along 
a polytropc of definite index and the tciupciaiuics {oi piessures, or specific 
volumes) of the corresponding gas elements arc in a consianl uilio, then the 
distribution of polylropic indcA in tfhe gas mass ullci the change will icmain ilic 
same as befoie ihe iliangc. This is a imrcly tlieniiodyiiamic properly not 
connected with the mechanical e(iiiililjrium of the gas mass. 

l^^t the points A, X], X.?, B, of the (/^.V) cinve move aUmg tlic 

curves AC, X] V] , X2V.2, BI),i all representing ]K»lytiopcs c>f a cldinite 

index such that T^/T( = =Tx2/Tv2“ , then we have 

to prove that the distribution of polytropic index, /.c., of heat capacity ( along 
CD, will be the same as that along AB. 

Take a point X^ so close to A that along AXi we can take the heat capacity 
cy to remain unaltered (or strictly speaking to lie within cy and cj-hdcj). 
Let Xi move along a poly trope «<,, to a position Y 1 such that 

T,/T. =Tx,/Tv,. (3' 

rutliiiy Txi = T» +£i'l\ ,au<lTy, =Tt +</T, , wc oblaiji tlic rclatiuji 

dT. _ dT,’ 

I A 1 (' 

Now consider an infinitely slow quasistatic cycle round ACY|X|. The 
closed integral fdQ/T round this cycle will vanish. The contribution of the 
side ACiscf/o/^?^'(Tr/TJ, that of CY, is c'lcHV /T., , where (C,, c'y-hdc'j) 
is the heat capacity for the clement CYi ; the contributions of \ 1X1 and X jA 
are cno logCrxj/Tvy), and -CJdT^/T^ respectively. Hence we must have 

f«o /T*) + C'j dTc. /T,.'+ c h£(TM/ry,) - c i liX / 1 \ = c. (4) 

But by the above relations (3) the sum of the first and the third terms 
disappears, and so we have by (3') 

(c'j-c,)dTc /To =0, 

tliatis c't-ci- ^5) 

By dividing the curve AB into infinitesimal elements and considering similar 
circuits, we prove that the distribution of c, i.e., of n along CD, is the same as 
that along AB. 
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Since (A,C) and (Xi,Yi) are on poly tropes n,,, we have from the gas law 
and the polytropic condition 

V, J V, V,;: rta-. V, 

RTc \ V* / ■ V. \ V, J ’ RT3'i \Vx, ) 

whence by (3) 

V./V,, =Vy,/V,r, ... (6: 

vSiniilarly =-^-. 

/>Ari 

Hence tlie condition “ (enipcraturcs of the corresponding gas elements 
being in the same ratio ” in the above theorem can be replaced by “specific 
volumes or pressures of the corresponding gas elements being in the same ratio.” 
The proof of the theorem can also be based on properties (5) and (6) of polytropes 
of constant index. This theorem is a generalisation of the w'cll-known theorem 
due to Emden in which AB and CU represent two uniform polytropes. 

It is known that for uniform expansion or contraction of a gas-sphere every 
element undergoes a polytropic change belonging to the index 3, and further 
the temperatures and pressures at corresponding points are proportional. 
Applying the theorem proved above to uniform expansion or contraction, we 
obtain the result that when a gas sphere with variable polytropic index expands 
or contracts uniformly, the distribution of polytiojiic index along the radius 
remains unaltered. This indeed maj*also be proved directly. 


A RELATION 1! K T W E I? N N AND it 


We shall now obtain a relation between N and n for a mixture of gas and 
radiation. Let us start with the gas law in the form 


/)„V=RT 

where V is the specific volume, so that {2) may .be written as 


dP 


+ 1 + 


2 IdV 
N/V 


=0. 


Now dP-d{pr+p(/)=d^a'T*+ ^^=(4Pr+Pii) 


whence, putting PelPr-PI(i~^), we obtain 
dP 




V 


(7) 


(2') 


(8) 
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Comparing (8) with (2') we have 

This equation can also he p\it as 

(4^-W^r- - 

For a fixed ft, corresponding to one value of n there is one value of N and 
vice versa. Also as (for fixed w) 

with increasing fi, N increases if »<3, and decreases if ??>3. For ii = 2 >* N = 3 ; 
also as /?— >1, N — >n. We cannot calculate N as /?— >0 from (qO, as for /?=o, 
p„^o. In case of pure radiation pressure we know N = 3 [though (9)' gives 
N >"n/(4 — »)i as / 5 — >n]. We can now plot on the (/?, N) plane the curves 
for fixed values of n. 

From (9) and (9)', the following points inav he easily seen : 

(a) through every point of the (ft, N) plane there paSvSes one and only one 
curve of the family ti -const , so that the curves ?/=const. do not intersect (as for 
given N and /? there is only one value of n) ; 

(h) a curve w = const, for N>3, continually approaches the line N=?/ from 
above, so that for every value of if N>3, then n also is >3, but less than 

N ; at ^=1, N = n ; the curves for constant n rapidly rise as the N-axIs is 
approached, and in fact the curve w==4 is asymptotic to the N-axis ; for 
the line / 3 ==(n — — 3) is an asymptote; a smaller value of /? would make N 
negative, and for a time numerically very large ; 

(c) any curve n = const, for o<N*<3 starts from the N-axis, continuously 
rises and asymptotically approaches the line N = ?? from below; at every point 
on this curve (except for fi—i) N<w, so that for every value of /? =3^*1, if N be 
positive and <3, then w>N, but less than 3 ; at /?=i, N=^7 ; 

(d) on a line /? = const. =^o, the n values increase continuously upwards with 
increasing positive values of N ; if on this line o<Ni <N2, then <»2- 

(^) the line N=3 is singular in this respect that on this line N = h = 3 
every value of 

The curves drawn in fig. 2 show these properties clearly. In a stellar body, 
let N lie between two values, say N2(<^3) Ni(l>o), and in the figure let the 
lines AB and CD represent N== No and Ni respectively, and lei the range of 
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values, within which the pressure ratio varies within the stellar body (excluding 
the extreme outer portion), be marked as in the figure by the lines AC and BD. 
Draw the curve «i=const. through the point D ; we have proved that 
Similarly if A lies on the curve n2=const., M2>N2. 



FlOtTRE 2 


Then for any point within the stellar body the index n shall lie between «i 
and Ha, so that 


V 1 <! 


JUog g) 
diiog T 


II 2, 


(k 


whence 


T 


< 


< 


'r 

T„ 


To, po being the temperature and density at the centre. Hence the density 
increases at a rate intermediate between the n,- and «2-lh power of T. Relations 
(lo) and (lo') evidently subsist also for values of N > 3. 


T/ 1 M I T R or T E M P R K A T IT R I? T N A V A R I A E R R 
P O R V T R O r E 

We can also use the above considerations to find a pair of limits within which 
the temperature of a gas configuration will lie. For this purpose we shall call 
points within different gas masses with the same value of P (otherwise the ratio 
of radiation to gas pressure) corresponding points. Any two such masses need 
not have corresponding points, but for the purpose of the arguments which 
follow, the different gas masses will be supposed to have corresponding points. 
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Suppose we have a stellar body whose poly tropic index N varies from N, to 
Ns, and first suppose o<Ni<N3<3. If the range of /:^ values within the gas 
mass be known, we can find in the manner of the previous article two index 
numbers and n. {ni<n.) such that all n values of the configuration lie 
between jia and Wy. When both NiandN. are less than 3, we have seen that 
Mi>Ni, «2>N3, but Wi, Ho are also both less than 3. We now compare the 
given gas configuration with two pol^^tropes of constant indices h, and h^. Such 
a polytrope will have two disposable liarameters, one, say, the central tempera- 
ture, and the second the factor of pi^portionality between the pressure and, say, 

( i\ . ? 

the I I 4 - j th power of the density i (for the first polytroi>e) in the pressure- 

density relation. Thus we can chooselthe first polytrope tii as one whose central 
values of /3 will be the same as that of the given gas configuration, and also the 
central temperature of the two identic^. It can easily be shown that these two 
conditions determine the polytrope tii completely. Similarly, with the same 
conditions we determine the polytrope tto. We m^iy, for the sake of generality, 
drop the condition of the equality of central temperatures, and have a single 
infinity of polytropic configurations for Wj or ho. The following arguments will 
apply to this general case. With these adjustments we shall have a series of 
trii>lets of corresponding points starting from the centre for the given configura- 
tion and the two poly tropes Hi, Ho, since in the poly tropes (h,, 2X3, /? will 

increase outwards and tend towards i near the surface and in the given gas 
configuration (^<3), fS will also do so. Consider a triplet of corresponding 
points on the configurations characterised by hj, n and Ho. At these points 
We have 


//aT.'^ /^T‘ /X2T3"' 


so that ( t>eing supposed uniform throughout any one configuration and for 
simplicity may be taken to be the same in all of them) 


p7 ^Ta V ~I>, 



We have further 

dp I _ ^ dTi dp 


Pi 


dT dP2 _ „ dTo 

"‘tT* p T’ 7-7" "=“1% 


■Prbm these two sets of equations follows 

dT 

T. 


=(3-«) ^=(3-«s)4I' 


r* 


(ti) 


U.’l 


(13) 
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as a relation between the temperature increments at corresponding points. Since 
o<wi<w<n2<3, for positive increments of temperature we must liave 

iV T T, ' 

whence integrating we obtain 



where (T/, T', 1 %') arc the temperatures at a triplet of correspond points on 
the ini, n, n^) couHgiirations, which are respectively ijiierior to the corresponding 
points where the temperatures are T,. T, To. (i^j) shov\s that the relative 
temperature decrease in the given configuration is intermediate between the 
relative decreases in the two polytropes >/, and 112 at corresponding points This 
relation will apply as long as triplets of corresponding points are available in the 
three gas masses, and so for the entire given y&s configuration. 

If we take T2' = T' = T/= llie central temperature of the given configuration, 
then Ta<T<Ti. The three masses have then also the same central densities 
and temperatures. Hcwccm/ N< 3, t/ic temperaime of the given configuration 
at any point is intcrinediute bcixecen (he iempcraiuies at corresponding points oj 
the polytiopes and Uo with the same central density and temperature as the 
given gas mass. 

In a similar manner, it can be shown that if N lies between Nj and Ng both 
of which exceed 3, then in the same manner as before two indices ni«Ni) and 
n2(<N3) both >3 can be obtained such that any n corresponding to NT lies 
between and na. In this case we obtain by comparing with polytropes ni and 
nn as above the inequality ' 14) reversed thus 



(14a) 


and for polytropes of the same central density and temperature, Ti<T<T3. 

The important case, however, is when is less than 3. but Na greater 
than 3. In such a case ft should increase outwards for some parts of the gas 
mass (so long as N<3), and decrease for others ( when N>3 ). An estimate 
like (14) or {14a) is then possible only if the ft value corresponding to the point 
where N attains the value 3 (then n also is 3) is known. A rough guess can 
sometimes be made for known stellar mass when it is considered to conform to 
an Eddington model for which ft is connected with the mass. We can then find 
«i«3) W2O3) such that for values of N from Nj to 3 ( /Q increasing outward) 

the n values corresponding to N are greater than Wj, and between the values of 
N from 3 to N2 the corresponding n values are less than «3. Ui and na are indeed 
the w values on the lines Nx= const, and N*- const, respectively of the points 
wh^re they are cut by the line ^(3)»const^ this ft(^) being the point where tji^ N 
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curve of the given gas mass cuts the line N = 3. Knowing lu and n^, equations 
like (14) and {14a) can be obtained easily for the two parts of the gass mass. 

All these results depend only on the thermodynamic properties of the gas 
mass and not on its mechanical property of equilibrium. They may Ik- useful in 
guessing rough values in the construction of steliar models. 

BEHAVIOURS O !•' N A N I) ii !•' O R L .A R () K AND 
S A hi, V A L U E S 

As the « value approaches and et^ceeds 4, the thermodynamically allowable 
value.s of N may increase to any positive value up to 00, and may even iKcome 
negative. The infinite value of N occurs as vve have seen for /ii=(M -4)/^! — 3', 
i.c., for ^/(i-^) = n-4. Thus, if n |)e near to, say, 4.5, large values of N will 
occur when the radiation pressure is nearly double the gas pressure ; on the other 
hanji, if M be near 5, large values of N will occur if these two i)rcssures be nearly 
equal. For smaller values of — even negative values of N are Ihenno- 
dynainically permissible On the other hand n may be negative, if N be negative 
and I N | less than (1 -/i)"'. 

It may be noted that Is’ and 11 vanish together in the ratio of i to 4-3/i. 
This fact will be of importance in a later investigation. Moi cover as N — 
i.f the gas mass is approximately isothermal, n \\ ill tend to the value 3 ~ (1 
Lastly, as n — ^00, N— > -(1 


R li i‘ i<; R !•: N c K s 

99, 4 

2 (iashugihi, J5. 

3 M.NMA.S , 100 , 14 
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THE CALCULATION OF arg rHa + 1 ) 

By JAMES G. BECKERLEY 

i Received for fiiihlitaUon, March i6, tg^i) 

ABSTRACT. A i-onvenient, rapi(iIy-n>i|Verging finite .sum formula is derived for flit 
numerical evaluation of arg r(fa+il. This formula is then employed to con.struet a four-pkic 
table of arg r(ia+i) for a=.i, .3, .3, , 2.0. Tlfo asymptotic formula is shown to be satisfnetor\ 
for computing the function when u > 2.0 

i 

r(z) for complex values of c l^s been tabulated to a limited extent^’^ 
Nevertheless, in the use of these tableai' the physicist must spend considerable 
time in understanding an author’s notation (see reference 2) or considerable 
effort in securing interpolated values (see reference 1). Besides, the periodicals 
in which some of the tables appear are not always available (e.g., reference 3). 
So it is convenient to have a simple closed formula with which any desired 
i'(3) may be calculated, a formula whose element may Ix; obtained from commonly 
available tables. 

The purpose of this paper is to present such formulas for the function 
i'(fa + i) = (<«). This function occurs frequently in problems involving positive 
energy hydrogen functions. 

It is unnecessary to discuss the calculation of the absolute value’’ of this 
function, as the exact formula for the absolute value is quite convenient for 


numerical calculation. r(ta+ i) = V (to),' (sinh to). However, the exact formula'‘ 
for the argument (or angle) is an infinite sum whose lei ms diminisli so slovsly as 
to make addition impiactical. 


aig 


; 1 Uii I r)- 


-Cflf 

(1 = 1 


a , It 

-arclg 

(i II 


where C = Euler’s constant = .5‘/72 15005... 


The obvious solution to this difficulty is to break the series off at the Nth 
term, sirbstitutc the power series for arctg (e/w), sum the resulting series analytical- 
ly, leaving only a finite sum to be evaluated. 'This is done in the following 
procedure. 


N . 

arg l'(>ct+ 1)= ~La+ S 
(1 = 1 


“ -arctg 
n (( 


+ 


00 

V 

-H 

(( = N + r 



• Comumnieated by the Indian Physical Society. 
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Thus, 


(i) 


N 

arg l'(ia + i)= ~ 2 arctg 

H = I 





2M + I 


AS 


N 

2« t 1 


= v/ \/x V CV) V 


The series are the wcll-kiiowu iiimiericai series whose values can be obtained 

analytically and which have been tabulated^ for a reasonable range of values 

of /A. Now one convenient feature of formula (i) is that //zc j diminishes 

very rapidly 7vith increasing n. This is shown in Table I, where AS 4 1 is 
tabulated for « = 2, 5 J'nd N==i, 2, 5. It isapparent that the convergence 

becomes even better with increasing N. (Also included in Table 1 are values of 


Si for N = i, 2, 5-) 


cv 


Table I. Values of AvSufi < \ = 




2 « ♦- 1 


V 


t=l\ 



t 

2 

3 

n 

AS,„ + 

ASj >1 + 1 




X 10 ^ 

X 10‘ * 

I 

.2U2057 

770.5^9 

4on !</; 

2 


777 

lv''2M 

3 ' 

0083^9 

1 b 


4 

.002008 

.35268 

.0446 

3 

f C )00494 j 

.05908 

.0263 


1 

AS,.,, 

as",.,. ' 

! N 

i s’? 

X 10"” 

X 10 •' 1 


1 

j 

24 .^ 9-1 9 

1^394 9 

i 

] 

I.nrjoC) 

97 ; 

S -7 1 


L 5 COO 

18.405 

5 695 , 

1 


.648 


4 

2 0833 

•025 

.005 

5 

2.2833 


An even more convenient feature of formula (i) is the alternating character 
of the infinite series. This makes it possible to rewrite (i) as a finite series with 
a remainder term : 


(2) argr(ta+i) 


N 

= - S 

n = i 


arctg — + (Sj— C)a- 

tl 


P 


( 1 ) Abgn-i-l »in-, 1 J. 

r aw + 1 


R. 
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iR. 


as” 

{2P+3) 


where the infinite series of (i) has been terminated with the Pth term. 

To illustrate the usefulness of foimula (2), k-t us choose values of N and P 
such that R [<io“ ' for o^«:^2. Inspection of Table I shows that we can choose 


either N=4, P=4 or N = 5, P=3. 

If we take the latter values for N and P, ^heii the resulting finite series will 
be suitable for calculating a four-place table ofjarg l'(irt + i) in the range o:i-iJ:^2. 
Substituting the values for the coefficients ^rom Table I, we oirtain the desired 
formula .• i 

S „ 4 ■ 

( 3 ) arg T(i(/ + 1 ) =- 5 arctg + 5 K 

)/ = 1 ” H = I } 

rti = -h 1.7061 iS ; a ^— ^5.3^v>< 

iRl <15 X 

== 4 - .005/165 ; ay =+ 8.14 X 10“’ 


The rapidly diminishinft coefllcieiits indicate the extreme usefulness of the 
general formula (2) in numerical calculations of arg T'(/t7 + 1). So far as the five- 
term arctangent sum is concerned, this is not an inconvenience, since many 
accurate tables of this function exist. 

To complete the present paper, Table II is presented. In this are listed 
the values of arg r(/a + i) for = .2,..., 2.0. The values have been calculated 

from formula (3) above. It is hoped that this table will be of use to physicists 
who are engaged in numerical calculations involving the Coulomb phase factors 
which occur in the continuous spectrum wave functions of hydrogenic atoms ; 
and it is further hoped that the table might be of use to mathematicians working 
in those branches of analysis which involve gamma functions of purely imaginary 
argument. * 

As the table is restricted to values of ia!^2 (negative values simply yield 
complex conjugates, which multiply the arguments by -i), it is necessary to 
consider the method of calculating arg FCia + 1) when !f/!> 2. For these higher 
values of «, the asymptotic formula'’ 

(4) arg r(ia+ i)'^{?r/4) + a(/Ha~-i)-(i/i2a) 

is applicable with diminishing error for increasing values of a. This is illustrated 
in Table II, wliere for 1.5^0^2 0 the values obtained from the asymptotic 
formula (4) have been placed in a column parallel to the values obtained from (3), 


* Strictly speaking, r(ia+i) is not a “ gamma function of purely imaginary argument ” 
but is related to such a function by the simple identity ; nia) + 1) ]/(««>. n/a+Ols, 
however, a factorial function of purely imaginary argument 
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Comparison of the exact and asymptotic values shows that, at least as far as the 
physicist is concerned, formula (4) is quite adequate even for values of a ^1.5. 
However, for more accurate numerical work it is necessary to extend calculation 
to higher values of a before using the asymptotic formula. 

Taki.e II. Four-place Table of arg V (ia + i) for a = o o, o.i, 0.2, ...,2.0 


including Comparison with Asymptotic Formula [liquation (4)] 


a I 

arg 

a 

arg r(/£T-f i) 

Asymptotic arg V{ia + i) 

0.0 , 

.0000 

1 

i 

1 

... 

.1 

-.0572 

1.2 

-.2673 

... 


— .IT22 


-.2392 

... 

3 

-•1634 

1.4 

-.2043 

... 

•4 1 

2072 

1-5 

— .1620 

i 

— . lC >20 

.5 

-.2441 

1 

1 



-.2727 

t.6 1 

-•^T.S5 

-.1147 

j 

•7 

-.2928 

T.7 

— .0632 

— 0616 

.s 

-.3042 

1.8 

- .0034 

-.0030 

.9 j 

“ ..3071 

1.9 

+ .0606 

+ .0611 

I.O 1 

-.3016 

2.0 

+.1297 

+.1300 


In conclusion, it is seen that the formulas derived minimis^e the labour 
necessary in numerical calculation of arg r(«a*f i) — or arg (ia) I — and that the 
construction of a complete table of this function for an extended range of the 
variable is quite possible. That such a generally useful function, the factorial 
function, has never been completely tabulated for imaginary values of its argu- 
ment, is rather a curious fact. It illustrates well the axiom that a computer’s 
field is unbounded. 

JUDSON C0I.T.EGE, 

University or Rangoon. 
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ALLOTROPES OF TELLURIUM BY X-RAY DIFFRACTION 

METHOD"" 

By H. BOSe 

AND ^ 

B. B. RA\f 

A 

{Rercived for puhluatiou, Inarch j;, jgji) 

Plate IV t 

ABSTRACT. ' The structure of tclliirimn prepare by different iiictlit)ds was analysed by 
X-ray. The precipitated lelluriuni was Sf) long kiiow|l to be amorphous but X*ray examination 
revealed that it is nothing but the hexagonal variety only in a finely divided state. The 
diffraction patterns of tclliiriuni were taken at diffei^nl temperatures and the results obtained 
therein go against the hypothesis of the existence ai two dynamic allotropes in ordinary 
tellurium. These experiments agree with the view put forward by Damiens who based his 
conclusions upon his ovmi vvorks on tellurium bv chemical mcthod.s. 

On chilling molten tellurium, it falls to fine powder but even this sample is not 
amorphous. 

It was generally believed that a beam of X-rays changes the crystal structure of ordinary 
tellurium affecting its specific heat by about 8%. but no such change in the structure could 
be detected by our experiments, 'fhe diffraction pattern of liquefied tellurium was also 
photographed. 


r N T T< O I) U C T I 0 N 

Tellurium is placed in the Periodic Table along with sulphur and selenium 
in the 6th Group. Hut unlike sulphur and selenium the allotropism of tellurium 
is much less marked. Tellurium is known to exist in two forms — one is crystal- 
line (hexagonal) and the other is amorphous. 

Amorphous tellurium is a brownish black powder usually obtained by 
precipitation method, viz., by reducing a solution of tellurium dioxide with 
sulphurous acid. It is tiausforraed into the crystalline variety on heating with 
an evolution of heat. 

Te=Te cryst. + 2630 Cal. 

The density of the amorphous form ranges from 5.86 to 5.87. The specific 
heat is 0.052. 

Molten tellurium solidifies to a brittle silveiy crystalline mass, vvliich can be 

easily powdered ; when obtained in appreciable size, the crystals are prismatic 
of the trigonal system and are isomoriihous with metallic selenium. 

The density of crystalline tellurium is curiously variable and dei>ends upon 
the method of preparation. According to Cohen and Kromer, the density also 

• Commnnicated by the Indian Physical Society. 
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cfianges under the influence of heat ; and this is attributed to the presence of 
two dynamical allolropes in ordinary tellurium ; the density ajs wejt as other 
properties depends on their relative proportions. This view is however contra- 
dicted by Damiens who contends that it is the impurities which cause all these 
inconsistencies, the correct value is 6*310. 

Like density, specific heal is also variable and it ranges betw^een 0.0475 foJ" 
the distilled element to 0.6624 for the precipitated amorphous element, X-ray 
exposure is said to increase the specific heat by 8 p.c. 

Tellurium may also be obtained in the colloidal state by a number of 
methods. Dilute solutions of tellurium dioxide or telluric acid on reduction, 
by hydrazine sulpluirous acid etc. yield colloidal tellurium. It can also be 
produced by cathodic pulverisation of tellurium under water. 

K X P K R 1 M p: N 'r A L ARRAN O K IM ENTS 

As only identification rather than structure analysis was all that was 
necessary in the present work, only the powder method was resorted to through- 
out the experiment. The X-ray tube was used directly in series with the high- 
tension transformer w'ithout any further rectifying device. Copper K-radiation 
was used all along the experiment. The tube was run at 35-40 K.V. with 
4-6 m.a. 

The widely divergent X-ray beam coming out of the windows covered by 
aluminium foil of thickness 00.01 c.m. before impinging on the material became 
almost parallel by its passage, through a slit system. 

Two types of plate-holders — cylindrical and rectangular — were used in tlic 
present w’ork. But due to the several obvious disadvantages of the rectangular 
camera over the cylindrical one the preference was ahvays given to the latter 
type whenever possible. Provision was made for changing the sample during 
the exposure wdthout in any way disturbing the setting. P'or work at temperatures 
other than that of the laboratory, the plate camera was used with slight modifica- 
tions. In the high-temperature camera, the sample was heated electrically and 
the double walled film-holder is cooled by passing a cold stream of w’ater. There 
was also an arrangement in wdiich the pattern of the sample could be taken at 
low' temi>eratiire. 

The powderefi material w'as pressed against a thin /.ig-zag paper which could 
be gummed to the slit cap wdth little secotine. Though the optimum thickness 

of the material is knowm to be given by (m = mass-absorption coefficient) but 

trial and experiences are more reliable in this respect. Above 150X when paper 
begins to char, the cells weie prepared in an extremely thin walled glass tube ; 
capillareis W'ere filled wdth the powdered mass and placed in position with both 
ends sealed in a groove in the cap made for this purpose. Blank exposures 
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were given with empty glass tu]>o for a period longer than that necessary for 
powder photographs but no sign of glass band could be detected. The cell to 
plate distance ‘‘ r could be obtained from a reference plate of sodium chloride, 
photographed at the same distance- 

X-Ray l^xamination : — According to Groth, tellurium crystallises in the 
hexagonal pi ism. It is trigonal being isomorphous with metallic selenium. The 
angle between the rhombohcdral axis ^ = 56'^ /) 7', which corresponds with an axis 
ratio a:c— 1:1.33. , j 

The structure of metallic tellurium wj|s first determined liy A. ]. Bradley. 
It may be regarded as simple rhombohedral • structuresi with inter-axial angles 
of almost 90®, in which each atom is sliglitly displaced towaids two of the six 
adjacent atoms. The resulting structure is a |hreefold spiral composed of tlirce 
interpenetrating siinidc triangular lattices I 

a = 4.445 (A) for T^hu'ium. 

The difTraction photographs of metallic tellurium was taken in a licini- 
cylindrical camera (of radius ’.88 c m.) with a o./i mm. slit. A large numbei of 
sharp rings was obtained (plate 1). 

These rings agree wdthin cxpeiimental results with those calculated for 
hexagonal tellurium. The experiment was repeated in different camera-plate 
and hemi-cylindrical wdtli different samples of tellurium unci the .same result.^ 
was obtained (Table I). 
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Precipitated tellurium ((so-called amorphous variety):— Precipitated tcljuriiim 
was prepared by passing slow stream of SO* through a solution o^ tellurous acid 
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in water at tbe room temperature. Tellmium so obtained in finely divided state 
is supposed to be amorphous. A cell of the precipitated tellurium was prepared 
on a zig-zag paper and exposed to X-rays for a diffraction pattern in a hemi- 
cylindrical camera. The cell was changed every half an hour to avoid crystallisa- 
tion during exposure. The pattern, that was obtained, was obviously that due 
to metallic tellurium (Plate IV). The spacings calculated from measurements of 
the diameters are given in Table 1. 

The same experiment was next carried out at lower temperatures — the pre- 
paration as well as the exposure w’as carried nearly at o^'C by using ice as the 
cooling (agent) substance. 

But the sample was used throughout the exposure, as there was no arrange- 
ment for changing sample in this camera. Bui even then the pattern consisted of 
rings corresponding only to metallic tellurium. 

Tabi.k II 
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High temperature : — To test the hypothesis of two allolropes of tellurium in 
dynamical equilibrium, diffraction pattern of tellurium uas photographed at tem- 
pemtures iso'^C, iSo^C and i6o®C. The cell used in the experiment was 
IWepared on a zig-zag paper. Though the paper chars above i 50 ®C, the sample 
together with the charred paper sticks to the cap, if undisturbed, and can be used 
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PLATE IV. 



Fig. 

3. 

Fig. 4. 

Fig. 1. 

Pattern due to ordinary hexagonal variery 

oi Tellurium. 

Fig. 2. 

Pattern ol precipitated Tellurium. 


Fig. 3. 

Liquictied Tellurium. 


Fig. 4. 

Chilled Tellurium. 
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al temperatures higher than this. The high-tempcrature camera was used and 
the film kept cooled throughout the exposure by passing a stream of water 
through the jacket. The cell was heated by passing current through a calibrated 
heater fitted on the cap. The results are given in Table II. No change cither in 
intensity distribution or in the number of ring$ could be detected. 

With a view to investigating the effect of; X-ray on the crystal structure of 
tellurium, a diffraction photograph of tellurium was taken with cells changed 
every half an hour. The pattern so obtained i^ould be compared with another due 
to a sample which has been exposed to X-^ys for almost 24 hours. The two 
patterns were completely identical. | 

Vitreous tellurium : — In accordance witp the general method of preparing 
vitreous substance, viz., method of sudden chilling, w^e tried to prepare tellurium 
in the vitreous state by pouring molten tellut|ura into cold water. Tellurium so 
treated falls to fine powder which, on X-ray analysis, shows itself to bp purely 
hexagonal crystal. ;; 

The experiment was next repeated in the'-following way — 

Molten tellurium was heated neajly to its boiling temperature and then 
suddenly poured into a freezing mixture. The diffraction pattern of the substance 
thus obtained in the finely divided state was next photographed in our low- 
temperature camera and the sample was kept cooled near about o®C throughout 
the exposure. The pattern was almost identical with that of hexagonal tellurium 
and was different from the latter in the following tw^o respects : 

1. The number of rings present was fewer in this case, the weaker ones are 
found to be absent. 

2. The background scattering is more pronounced than before. 

D T vS C U vS vS T O N O F T H V) R K S U L T vS 

It was so long supposed that the precipitated tellurium (/.( ., the variety 
obtained by the method of precipitation) is amorphous. But X-ray examination 
has revealed its true identity ; it is ciystalline and has the same struct me as the 
metallic variety. 

In order to explain certain anomalies in the properties of teJlurimn, the possi- 
bility of two allotropes, in tejnperature equilibrium, is proposed by some authors. 
If now a sample of tellurium be heated to a higher temperature the relative propor- 
tions of the two allotropes must change, which is sure to tell on the diffraction 
pattern of the sample. IIciicc it is natural to expect that at higher temperature 
either fresh rings will appear in the diffraction pattern of tellurium or at least the 
intensity distribution will change certain rings growing weaker while others grow 
stronger. ^ 

Now that 110 such change is noticeable in the pattern at higher teinpcralurcs 
we are forced to the conclusion that the hypothesis is untenable. The cause of above 
anomalies should he searched somewhere else, viz,, presence of impurities, etc. 
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X ray exposure is said to iticreasc the specific heat of Iclluriuin by about 
8 p.c. This increiucnt is attributed to a change of the crystal structure, which 
the substance was supposed to undergo on X-ray exposure. But the pattern 
obtained with ceils changed every half an hour showed no difTcrence from that 
due to a sample exposed for 24 hours. Therefore either X-ray has veiy little 
effect on the crystal structure of tellurium or it must have produced an instanta- 
neous effect, the crystal structure changing completely within a very short 
time. 

Telluiiuin could not be prepared in the vitieous state. In this respect it 
differs from sulphur and selenium. Molten selenium on sudden cooling easily 
passes into the vitreous state. Similar method, tried in the case of tellurium, 
proves a failure. According to Randall a strong directive force must be present 
if the vitreous state is to be obtained on chilling : “ In case of selenium when the 
crystal melts, first the spirals will break away from each other. The complete 
breakdown of the spiral, if it occurs at all, will lake place at a higher temperature. 
Now in the reverse process of I'apid solidification of molten selenium the atoms of 
a solid body always tends to arrange themselves in such positions that the crystal 
I>oteutial energy is a miiiiinuin for the prevailing conditions. Since in case of 
selenium the main energy terms lie as it were in the spirals themselves, these will 
try to grow immediately on solidification It is not nearly so important for the 
chains to line up in full lattice arrangement. By the time the chains have grown 
a little the substance is too viscous to allow of any further marshalling, it is 
suggested therefore that strongly directional forces are necessary for the formation 
of glasses/'* 

Thus although metallic tellurium has the same crystal structure as metallic 
selenium, it lacks in a strong directive force while in the latter such force is 
present. This is to be made responsible for the difference in behaviour of 
tellurium and selenium as icgards their production of vitreous state. 

In the pattern due to chilled tellurium certain lings are absent. This cannot 
be attributed to any change in the crystalline nature of the substance, since it is 
found that it is only the weak rings which are absent. This must be due to 
under exposure and greater general blackening. The continuity of the ringh 
as well as greater general blackening suggests that the operation of chilling 
molten tellurium must have caused a decrease in particle si/.c of the sample. 
This in reality amounts to the assumption that the particle size of the chilled 
mass is a decreasing function of the rate of cooling, the greater the rale the smaller 
being the size of the individual particle. 

In short, we find that tellurium whatever be its source or method of 
preparation is always crystalline and hexagonal in structure. The variety which 
had been known as amorphous is but metallic tellurium iu finely divided state. 
It does not pass into the vitreous state on sudden cooling like selenium. 

^ Quoted from “ Diffraction of X-rays, etc.,” by Randall, p, kSj. 
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Although the method of cooling diminishes the particle size, the crystals are not 
still small enough to yield bands. The more metallic character of tellurium is 
probably responsible for this high stability of ordinary hexagonal variety and the 
absence of vitreous state. 

Amorphous and a new variety of tellurium : 

We have seen that the process above referred to is not capable of causing 
diminution in particle size to the extent necessary for the production of a diffrac- 
tion band. This, however, could be effected ii^thc process of preparing a colloidal 
tellurium sol. where the existence of part^les of the order lo"'^ to c.ni. 
is possible. 4 

By precipitating a colloidal solution by electrolyte a sample of tellurium 
was obtained which yielded a band on X-r^y exposure which corresponds in 
position to a strong group of rings in th^: hexagonal pattern. It suggests, 
therefore, that by this method the particlel size can be made smaller than is 
obtainable by other methods. This will bc ^more dilated upon in connection 
with colloidal telliiiium solution. It is al^ found tliat certain results obtained 
suggest the existence of another variety of tellurium, details of which will be 
published in a separate pai)er. 


LIQUID TKLLURIUM 

In general the diffraction pattern produced by X-rays passing through liquid 
is a complicated result of the structure of the actual molecules and the temporary 
arrangement of the molecules. Various theories have been put forward but none 
of them have been in any sense complete. This is but what can be expected 
since so little is knowm about the structural aspects of the liquid state. 

For a practical working model, however, Stewart's ideas of cybotaxis is 
preferable. The following is an extract from Stewart's article in Rev, Mod. 
l^hys. ( 2 , ii 6 , I93*S) : 

'* If X-rays give evidence of periodic molecular grouping, it must not be 
supposed that these groups arc large or that the moJecu/e.s in any one well- 
defined group remain permanently members of the group. At any instant these 
small groups might exist at numerous points in the liquid, the regions between 
them being not so orderly." 

vStevvart argues that it is quite unlikely that catastrophic changes in atomic 
and molecular arrangements take place just at the melting i)oint, vSlewart’s 
cybotactic hypothesis suggests that the kinetic energy of the molecules (in the 
liquid state) is of the same order as that of the binding forces among the molecules 
in that state. 

The experimental results suggest that in a liquid there is a general tendency 
towards arrangements similar to those in a solid state just lx?low the melting 
point. The exceptions, for which this similarity between the two slates (Lc., 
solid and liquid) do not hold, are oxygen, nitrogen and bjsniuth. The case of 
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alkali metals, lead, aluminium, appear to lie between the two extremes, while 
mercury fits in with the close-packing theory. 

Tellurium was examined in the liquid state to test ! 3 tewart*s ideas. 

IC X P E R T ivr h: N T A L ARRANGEMENTS 

Tellurium melts at 450^ C, so the high temperature camera was utilised for 
the investigations of the band patterns of liquid tellurium. The cell was pre- 
pared in capillary glass tube, drawn from very thin Jena glass tube. The 
heating could be eflected by an electric beater just fitting the cap to the slit 
system. The heater is, in reality, a syndanio bobin wound round with nichrome 
wire. The heating current was produced by a step-down transformer from 
which steady current as high as 20 amperes could be drawn at 30 volts. The 
heater was calibrated so that the temperature within 2 could be known from 
the current in the heating coil. 

With these arrangenieiits, exposure was given for a period of 20 hours. 
The pattern consisted of a single diffuse band (Plate IV). The spacings corres- 
ponding to the most intense position of the band is 3.11 {A^V ,). 


D 1 S C U v< S I O N 

The value of d corresponding to the band obtained for amorphous 
tellurimn is 3.09 (A. U.) Thus it is seen that the two “ d '' values, for liquid 
and amorphous are nearly equal. The slightly greater value of the former may 
be due to temperature effect. For hexagonal tellurium there is an intense ring 
of spacing 2.94 (A. U.). Thus it may be summarised that liquid tellurium also 
shows a similarity to the solid state. 
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A RAPID METHOD FOR CALCULATING THE LEAST 
SQUARES SOLUTION OF A POLYNOMIAL OF 
DEGREE NOT EXCEEDIlfc THE FIFTH* 

By S. M. KERA^ALA 

{Rcrclvril lot publication, ^arcli iQ-ii) 

i 

ABSTRACT. The ordinary inetliod for finding ti|e 11 - 8.11 .square.s solution of a polynomial 
is very laborious. If, however, the valiu s of the indep|ndent variable form an arithmetic series, 
ff method can Ije devised to give Hit- solution very rappiv. The method given in this paper is 
an improvement on the method of Birge and Shea. Tl^ process of calculating the solution has 
lieen divided into three distinct parts : 

• (i) Calculating the solution corresponding to the .standard ii values, a;, of the 

independent variable, 'fables are given for 11^30 to facilitate rapid calculalion, and a powerful 
method has been .shown for n > 30. 

(3) Te.sting the suitability of the .selected polynomial. 

(3' Calculating the true from the standard .solution 

'fhe tables here given are more extensive than those of Birge and .‘'hen, but every figure 
has been carefully tested on a calculating machine. 


INTRODUCTION 

The problem of fitting a number of observations to polynomials occufs fre- 
quently in physical sciences. An ideal illustration of the case is found in band 
spectra where it is known that most band series can be accurately represented by 
polynomials. Birge and Shea^ have developed formula; for fitting polynomials up 
to the fifth degree to data given for equally spaced values of the independent 
variable. But the methods by which they obtain the results are tentative 
throughout. A general and mathematically very elegant basis has been given to 
Birge and Shea’s results by Condon.''* But the general formula obtained by 
Condon for the coefficient of the highest power of the variable in the least squares 
solution for a polynomial is completely different from the value of the general 
coefficient obtained by Birge and Shea in its mathematical form. The transforma- 
tion of the one general expression into the other has not yet been carried out. In 
the following pages I have olAained most of the equations of Birge and Shea by 
using Cramer’s® rule for solving the normal equations, and have constructed 
tables which give the least squares solutions a little more rapidly than the corres- 
ponding tables given by Birge and Shea. Although the tables given here permit 

• Communirated by the Indian Physical Society ' 
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rapid caculations only if the number of observations does not exceed thirty, the 
general formulie obtained here could be applied to a larger number of observations 
without very much increasing the labour. 


§1. D K R I V A T I O N () !<' THE MAIN FORMULAE 

It is supposed that n values of an observed quantity y are known correspond- 
ing to the n values of the independent variable x. It is assumed that the precision 
of measurement of x is large enough for the error in x to be negligible compared 
to the error in y. The individual x’s and y’s may be denoted by Xi, y 
(j = i, w)- The problem is to find constants a such that if / (x)** 

^ ,r 

"S, a X , the sum of the squares of the residuals between the values of y 
(r = o 

calculated from this representation and the corresponding observed values of y is a 
minimum. The quantity to be minimised is 




The conditions for a minitnuni are 

a M. 


Sa. 


P - 




= 1 , 2 ,. 




These ip + i) equations are the normal equations for the (/>+i) unknowns 
a . Written out more fully, the normal equations assume the form 

irfj 

- “V/- ^ 


"■ = 0, I, 2,. 


Writing 


and 


t _ V ’’ 

r, 

» 1*1 


n 

— V 




the normal equations can be put into the simpler form : 

+ ■*'"fr/)^(<r + p) 

i<r = o, j, 2,...p) 

It is now assumed that the n values of x form an arithmetic series. The 
series assumed for the purposes of calculation is the one in which 
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This series is preferred to any other because it yields comparatively simple values 
for the sums f , And once the coefficients a are calculated with the standard 

V ^ H 


series, the calculation of the corresponding coefficients for any other arithmetic 
series does not present any difficulty. With the values of x given by the standard 
arithmetic series, 



It follows that for odd values of v, vanishes^ wliile for even values of v, can 
Ix: expressed in terms of Bernoulli polynomials^ thus : 


'“V +1 


a. ^ 
!v + i) 



If these considerations are to apply to polynomials of degree not exceeding 
the fifth, the maximum value v can take is lo. The highest Bernoulli polynomial 
required is the eleventh. The first six odd Bernoulli polynomials are therefore 
sufficient for the purpose. They are : 


Bs (x) = .v^v - 1 ) {x-i) 

BsCv) = x{x - 1 ) (.V ~ J ) (.V* - .V - ]?[) 

B7(.v) = .v(.V - l) (a -i) (x* - 2X* + A + i) 

Bo(x) = x{x -l) ix-i) (.v'’-3A‘’ + .v^ + 3.v'^-^.v-— ^A -5^) 

B 1 1 f.v) = .A (a- - I ) (a - i) (.r'^ — 4 A ^ + 6a-'’ — ^ — 8a ® + ‘^a’* + 5-' H) • 


The values of calculated from the above are : 


^o = «. 

0 

II 



> _ n(»i^ - 1) (3n® - 7) 

240 


.. »t(n® “ 1) (3H ^ ~ '‘'431) 

■ .344 


4. »(n* - i) iRn *'- BSn * + 239 «® - 38i_) 

TTCon 

£9*0. 


11520 


_ n(w - *1) - gan** + 4io»* - 1636^^ + 2555) 

* 3379a 


^10 
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A. The polynomial is of degree o : /oW = «oo* 


The normal equation is 




^00“”^^ 

n 


..t (j) 


B. The polynomial is of degree i : f\{x) — ao \ -f ai ;\. 


The two normal equations are : 


^*0 1 ^0 ~ 
rt M ^2 ~ 


^01 ““ *“<^00 
n 




C. T/h polynomial is of degicc 2 ; f^ix) — cto2'^ f 

<*024\>+^22 v; 2~ Vo 
ai24*2*Vi 
1 * 02^2 + ^ 22£'1 ~ V 2 ‘ 

I ^0 ^2 


Writing 


4.2 C4 


the solutions can be written in the form 


__ _-^_o a = „ - ^22 

^2V2 ”^4^0 4.2^0 ■"£oV2 


1 u — . * 

v;2 


lint Ag can be easily shoun to lje equal to 


n^(n^ ““ i) '-’4) , 


as the t"s have 


already been worked out. 


^02 


_ ^2 ,, _ l(3«*“7) ,, _ IS 
As '” As 


^ 12 
^12*“ A ""'"/ “FT 




'll -«l 1 


a«B - - I* Vo + 1“ Vi = + „-(^ 8 - ij^* - 4 ) ’***• • ■ 
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D. The polynomial is of degree 3 : /a W = 4«o3 + 

The four normal equations can be separated into two pairs thus : 

^<0 3^0 + = I 3^2 ■+ 3 3^4 ='»?!» 

and u I :j^4 + = S 

The solution is ; 

a23“®«*i2 ? •• 

p if. 


4(^) 


and 

where A 3 denotes 

so that finally 


^ /i 1 fi 

a.s:,-.- A, Vif: ^_/;s 


4*2 i‘4 

, and Can lx; shown to l)C equal to 

\U feV. 

u'^ln^ - i)^{?2^— 4) -g). 

33600 


.= .,25(3 ^^ j:Mq(3jLL“i7! 

‘ w («2 — i)(„V— V n{n*^- t)(w‘^ — 9) 


Vs 


and 


- My(3«“-7) -’«oo 

«(n® — i)(Mf|— 4)(fi*-Q) ’ n(H®-i)(n®— 4){n*-9) 


4(b) 


4(t() 


K. The polynomial is of degree 4: /4f\)==ao4 * cfi t' + 

(8) The five normal equations can he separated into two j;roups f)f three and 
two equations : 

ao4$0 ^ «'4 4^4 ~ Vo 

U,)44'2 ^a24^4 -V2 

! ( aoi^i + ii2A$i', ^ a % 

and rti4C2^t<34^4^"Vi ) 


The solution is : 


a\4 — a\A 
3 4 ”*** ^^3 3 


5(b) 

5(d) 




! (^4€ » ~^i‘ib>o — (£2$8~^4^o)’<2~*'(^a£e 


t.,. sZ (Isi-sii^t^sV/o .■*: iisiltr • 

*■' Aa 
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aud a44 

where A4 denotes 


A4 


^0 $-2 

Cs ^4 ^0 

' ^4 ^li 

and can be shown to be equal in value to 

793S000 

Now with some simple manipulations with their rows and columns the values 
of the following determinants can be worked out to be : 


(£4^8 "*^ 8 ) ~ 


4 -« 

— i)^{w^ — 4)(«^ -g)(i5w^ — 2 
33868800 


^r. 

in 


(^2^8 

^2 

^ 4 | 

i)®(ir- -4)(»i®-9)(w‘‘*- 7) 
1209O0 



^8 ' 



A3 


_>i^(«^-i)^(re^— 4)(«^ -9) 

33600 


1 £0 

^4 1 

-i)(n®— 4Hn*- lOM® +29) 

' 3600 


1 U 

$S 





. « ® (m ® — I ) (n® — 4) (3H '■ -• 13 / 

2520 


^4 



and 

A 

2 

_n®(M®-i)(«®-4) 

180 

These provide 

all 

the 

necessary material foi cumpletin;: 


follows : 


_ isUsw^-ason* +407) „ _ 525(«**-7) 

+ -^--§45- 


64«(n^— 4)(«^- 16) 8»{»®— 4 )(«*“i6) 


4n(n®-4)(n®-i6) 
« - -^2 5(n^-7 ) _ 2205(tt<-i0K® + a9) 


sW 
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" «(«^ - 1)(«4 -!,Kna -9)(«* - l6) 


^ 4 4IOQ 

«(n“-i)(w*-4)(M®-9)(«*-i6) 


S(e) 


P. The polynomial isof degrees- + « 1 5 ^ +« 45 -v* + 

+ <^5 5^5* 

The six normal equations split into two e(^al groups. 

^ <^45^ == ^12 

'f! 

‘' 05^4 ■♦■<* 254:6 ^ <* 45 ^ “ 74 

and «)5^3^^<J35£4 + <*35^ = '/| ) 

** 1 5^4 ■♦■ <*:»5£ e ■+■ a 56$8 = 73 


ai 5^6 ■•■ <*35^8 ■•■ <*55^40 — 75 

On solving the equations 

<*0 5 ~ <*04 
(Ii3 = <l24 
<*4 5"= ‘*4 4 

rt , , = ^^<*^10 ~^i)'ll ~~ (^4^10 ~^6£8)73 + (^4^8 "^6)75 

‘ An 

fl, . = " (^4^10 ~ ^0^8^71 ■♦■ (^2^10 "£0)73 — ^4^6)7 5 

An 


<*5 


5 = (^ 4^8 “ 41^7 * '~( ^ 2^6 " ^4^0 )73 ■♦ ■ (£2^6 '"^4)75 
“ " An 


where An denotes 


^2 

^4 


^4 




^8 


^<i ^8 ^10 

and can be shown to be equal to 

w®(n* — i)* fa** - 4)*(»^— 9) *( n* - 16)(«* — 25) 
23471078400 

Further it can similarly lx shown that 

(fo^io“n)='[ ^0 ^8 

^10 


6(a) 

6(c) 

6(e) 


. n*(w^ — l)^(n^— 4)(a*'~9)(a5»^'~90ow‘^ + i0230w*~~37o6on^-<-46i37 ) 

2554675200 > 
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If f f 4-' j w*(w^~i)^(n^-r4)(n^-o)(3«‘’-75w*-f^-in^-8s3) 

<«.t, , ,,--8^ 

('^4^g— from previous work 

_ «*(»/*'* — i)^(w^ — 4)in‘‘‘ - g)(isn* — 23on^ + 407 ) 
33868800 

l_ j ■_ - j)-fn'^ —4)(»^ -Q)(iu* —4611^ + igy) 


(^ 2 ^, 0 -a)- 


> io ^10 i 


1241856 


feats -tree) from previous work = — ^ ^ - - - 

T20Q6o 


and '' ■■ ■* 


33^' 


The solution may now be completed : 


— 147( 2511** -900h” + 10230H'* -3706011^ + 46137) 
i6 n(n^ — t)(n'-‘ — 4)(ii^ — q)(v^ — i6)(ii* — 25) ' 


2205 (311” 75»* + 541”’^ ~ 853) 

211(11'^ — ikn’^— 4)(n* — 9 )(h® — i6)(ii* — 25) 


+ — , 


6 93(1511^-23011^ + 407) „ 

11(11® — 1)(«® — 4)(ii® — 9)(ii* ~ i6)(ii® - 25) ^ 

n =. . - 2205(311* -75«* + 54iw ® -853) 

2ii(ii®-i)(ii®-4)(n® — 9)(n®-i6)(ii®- 25) ’ 

. 18900(311* --4611® + 199) 

n(n ® - 1) (11 * — 4)(« ® - 9)(ii “ - 16) (11 - 25)*^'* 

194040(11^-7) „ 

ii(n® - i)(n® -4)(n® -9)(ii® - i6)(ri® - 25)^® 

_ ./’9^i5.iil,“23on® + 407) 

11(11* - i)(n® -4)(ii* - 9)(ii* - i6)(ii® — 25)^’ 

i9404o(n*-:7) 

11(11* - i)(ii* — 4)(»i® - 9'(>i* — i6)(ii* - 25)^"’ 


6(b) 


6(c) 


6a§544 

ii(n* - i)(n* - 4)(ii* — 9)(}i* - i 6 )(ii* - 25)^f 


6(f) 


The coefiScieDts avp (o^<r:^p^s) have beep all expressed io terms 6f n and 
the &um& rjy (t’Cpy; Thus tables could be constructed to give the values of the 
VQrious factors multiplying yior ^'ferent values of n- AH thjit would bp 
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necessary for a rapid calculation of a<rp would be the evaluation of the from^he 

n observed values yt. However, from the form of 'viz. and 

from the symmetrical spacing of x < , it is at once evident that when v is odd the 
factor multiplying y^+i is the negative of the factor nuiltiplyiiig and when 

V is even the two factors are identical. Further the values of a<rp obtained above 
in terms of n and are seen to involve ^ithcr with odd values alone of v 
or with even values alone of v. These two f^ts peniiit the transformation of the 
values of atrp into the one or the other of the fillow^ing two forms : a<rp = 

either 8|(yn + yi) + 82(^11-1 + y2|+ to [-5*^] terms 

or + to [f] terms 

where the pair factors Sj, 82,... are funct^ns of n and [”$-] represents the 
integral part of -5^. l 

Tables could, therefore, also be constru^ed to give the values of the various 
pair factors occurring in the new^ expression lor aep for different values of n.. 
The tables at the end are such tables valid for values of n up to 30. For larger 
values of n, use of formulae (i) to (6) and computation of i;*s is recommended. 
The main formulae have been collected together on the last page of the tables. 
The tables given here have been calculated by the method mentioned above and 
have been tested by at least one of the polynomials y^i + xP ip^s). It is, there- 
fore, believed that the tables are free from all errors of calculation. The tables 
given by Birge and Shea for app form only one half of the tables given here. 
After the figures were calculated and tested, they were compared with the tables 
of Birge and Shea, The figures were found to agree in every case. 

Before proceeding further, it would be interesting to see how the results of 
Birge and Shea could be shown to be identical with those of Condon, at least as 
far as they hold for polynomials of degree up to the fifth. 

Consider the equations i, 2(b), 3(c), 4(d), 5(e) and 6(f). If app be supposed 
known, the six values of yy can be calculated in terms of app as folldw’s from the 
six equations : 






-n(n«~i) 


12 


an 


n(w®-i) n(«*-i)(n'*-4) 

— «oo + 

240 2800 

240 2520 

44100 ' 


2-1387?— rv 
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Vi 


I w(n*-l)( 3 «*'~i 8 »’^ + 3 i) a, , + n(n'^-i)(n^- 4 )(«*- 9 Hw~ ~ 7 ) ^ 


1344 


10080 


33 


w(n® — i)(w® — 4)(n* -Q)(n^ - i6)(n* ”25) 

-j- o ‘ ~ " “ ^5 5 ^ 

698544 

vSubstituting these values of in the formuiee for the results 

obtained are : 

ao) ==aoo 




a* -I 


12 


"•«22 




2 _ . 


_ - — 3 w *~7 

a 23 ~“a 2 J > ao 3 — <^ 00 “” “ ^22 • “ ^33 

12 20 


— — — ti® — I 

ii34 — ; 4*14 — a 1:^; ao 4 ~-aoo — r — ^22*^ 

12 


3 (w^-i)( w^- 9 ) 

560 


« 44 ; 


«24 — fl 22 ~ «44 

14 


_ 3w“ — 7 , 15W* — 230n* + 407 

«05®‘«04i «23 — <*24) — ^44; «15 — <»11 — «33+ ITO8 '"^5' 


“S 9 ~® 38 ~ 


5 (w*~ 7 ) 

l 8 


*^r» r>« 


These results sum up in brief roost of the results of Birge and Shea. Nou the 
orthogonal polynomials defined by Condon are : 

^i(x)=x 

to 12 

— C^A: = .r®— ^ ^x 

C2 20 


= .r< + + ^^44® 13)^2 + 

C2~C0C4 C 2 “C 0 C 4 14 560 

^«(.v) =.r« + - 44 “ + !-|- 44 ^ = r® - “ 7) . ^8 + - 230 w^ + 407 

18 1008 

If use be now made of the coefiicients R*, defined by Birge and Shea, 

^1 W = Roo 

02 W = Ri }X 

f #(») ®= R 22 *“ + Roi} 
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04(ac) = R38JC® + Rl3:* 

^3(a:) = R44A:^ + R24-^* + Ro4 
^eU) =^55^® + Rs 3*® + R 1 r.A . 

The identification is thus complete. 

§ir. directions for fin din 6 the eeast sq it a res 

S O E D T I d N 

Subtract from each observation any conv||nient constant quantity. Arrange 
the resulting observations as indicated in modtf form i modified to suit the problem 
in view. To find any coefficient of the polydbniial multiply the numliers in the 
column (A - B) or (A + B) as shown in the tallies by the corresponding pair-factors 
and divide the algebraic sum of the products |^y the denominator written against 
the pair-factors. If finally the quantity sublracted from all the observed y’s be 
added on to the constant term of the polynomial, the least squares solution is 
completed except as regards transformation of the coefficients into values corres- 
ponding to the true arithmetic series of values taken by the argument x. 

If, however, it be necessary to test whether the polynomial chosen is suitable, 
the calculations necessary for the transformation could be postponed with ad'* 
vantage till the trend of the residuals between the observed and the calculated 
values of y has been examined. This can be done as in model form 2 (a) or 2 (b) 
according as n is odd or even. Starting from the central differences calculated by 
means of the formulae given in the model forms, the values of all the desired 
calculated values of y could be rapidly built up by successive addition or subtrac- 
tion in the various columns in order from left to right. 

If the fit is found suitable, the final transformation to the true values of 
the variable may be carried out now. Let the true set of n values of the 
independent variable be given by .v' + (t— i)<i whereas the standard values 

Xr are given by x, = +fr-i). On eliminating (r-i) and writing 

m for xi + — which is the centre of the true set, Xrd-x'r - m is obtained. 
2 

The two following transfonnations couid now be successively applied 

x" ■■ xd 

and x' = x*' + »n. 

If bvp be the coefficients with x" as the variable and cop be the coefficients 
with x' as the variable, the calculation of bop from arp is indicated in model 
form 3 (a), and the calculation of cop from bop is indicated in model form 3 b. 
However, the calculations performed under model form 3 (b) can be more con- 
veniently carried out by Homer’s scheme.''* 
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tables can be modified for lower degree polynomials. 
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INVESTIGATION OF TELLURIUM AND ARSENIC 
SULPHIDE IN THE COLLOIDAL STATE* 

BY H. BO^E 

[Rcu ii'cd foi publicalioii, 27, igii) 

1 ‘lale' V 

ABSTRACT. With a mow Id nhtain iiifoi nijitioiis Hir 11,111110 >>f (dll.iidal 

(lartioles witli siiecial attctilioii to Hu ir oliaiijjo.s duo slow coagiilalioii in agoing, the frillowing 
sampics i.'f tolluriiini were cxaniincd by X-ray.s : (a) (jotignlnni by IlNOj from a fio.sJi lollniiuni 
•sol, (bt Coaguluui by IINO3 from a licatcd .sol, (0) Dried u]) gnuimy mass, (d) eleotrolytic precipi- 
tate from aged sol, (e) electrolytic precipitate from aged heated .sol, if) Thin film of tellurium 
that .settles 011 the surface of the sol on allowing it to dry up in a basin. The coagulum from a 
treshly prop.nied Iclhirinm .sol by HNOj was found to be amorphous, while the diffraction pattern 
of the coagulum of aged sol (.speci.ally the pattern of the sample mentioned in if) gives scope 
for su.specting the existence of a new variety of tellurium in it. 

Similar experiments with arsenic sulphide .sol .show's that the natuial pcptisablc prccipitale 
and the electrolytic precipitate (by IICl) from a fre.sh .sol yield amotphous bonds while that from 
healed .sol or obtained by drying the sol gives crystalline pattern. 

INTRODUCTION 

A colloidal solution is a Iwo-phasc heterogenous .system one of which, 
usually a solid, is dispersed in a liuely divided state tin oughout the othei phase, 
generally a liquid. The diameters of the dispersed pat tides are generally of the 
order of 10"’ to io~’ cm. 

'I'hus instead of a single molecule seftarately existing in a true solution in 
the colloidal state, we have a large nuiuixtr of aggregate of a feu Itundrcds of 
thousands of molecules disseminated thi oughout a liquid medium. The es,seutial 
difference between colloidal solution and true solution or coarse susi>ension is of 
degree only rather than that of kind and there can be no sharp line of demarcation 
between them. The most interesting fact about colloids is that the colloidal 
particles are all charged with similar electricity. Though there is much difference 
of opinion as to the origin of this charge, there is this unanimity that the particles 
in the colloidal solution are enclosed by an electric double layer. 

On adding suitable electrolytes, neutralisation of the charge of the colloids 
by the oppositely charged ions of tlie added electrolytes takes place causing 
agglomeration of the particles. 

. * Communicated by the Indian Physical Society 
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The present investigation was undertaken to study the nature of coagulum 
obtained from the solution by different ways with a view to form an idea as to 
the nature and particle size of the substance in the colloidal state. 

EXPERT MKNTAb ARRANGEMENTS 

As only identification, rather than structure analysis, was all that was 
necessary in the present investigation, only the powder method was resorted to 
throughout the experiment. The X-ray bulb was a demountable porcelain 
Hadding tube which was used directly in scries with the high-tension transformer 
witlioiit any further rectifying device. Cn K-radiations were used all along 
the experiment. The tube was run at ^5 40 K.V. with 5-7 ni.a. The widely 

divergent radiations coming out of the w'indow of the tube became almost parallel 
by its passage through a slit system, the final slit through which the X-ray 
emerged before impinging on the diffracting material, being .4 mm. in diameter. 
The slit system was made of detachable parts and there w as provision for change 
of sample during the same exi)osurc without in any way disturbing the setting. 
All photographs were taken in either of the two hemi-cylindrical cameras of radii 
2.88 cm. and 2.06 cm. 


A. TELLURIUM SOL 

Like Selenium sol the colloidal solution of tellurium was prepared by 
reducing its oxide in aqueous solution by glucose in presence of ammonia though 
the difficulty arose because of tellurium dioxide being sparingly soluble in water. 

0.71 gm, of TeOa vvas weighed and taken in a basin and a small quantity of 
conductivity water added; equimolecular (0.8 gm. in this case) quantity of extra 
pure glucose was next added to it. The basin containing the resulting solution 
was then placed on a water bath. In about 5 minutes reduction began as can be 
seen by the change in colour. On addition of a drop of liquor ammonia, the 
frothing was noticed. Next at intervals of j minute, a drop of NH4OH was 
added, keeping the .solution well stirred all the while for 20 — 25 minutes. To 
maintain the solution ahvays ill the syrupy condition drops of water were added 
intermittently. The reddish black paste-like solution is then diluted to len times 
its volume with cold conductivity w^ater. Tlie reddish black solution, so obtained, 
was thrice filtered through double filter paper and a stable colloidal solution of 
tellurium was obtained. 

Properties of tellurium 5(?L-~UnIike selenium sol a fraction of which settles 
down without any external application, Tellurium sol is very stable and does not 
produce auy natural precipitate even on long standing (the sol has a Slightly 
reddish tint), 

A quantity of the tellurium sol was taken in a test tube and was boiled but 
no coagulation occurred even when the boiling was continued for an hour. 
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Suispensions of tellurium are anionic and show attraction to the ‘ ve 
electrode, they are charged with the electricity. On adding a drop of 
HNOs (strong) precipitation starts but proceeds very slowly and cannot separate 
the two phases coinpletly even in 2-3 hours whereas if HNO.^ be added in excess 
of what is necessary, coagulation does not take place at all but this latter solution 
can be used to precipitate fresh sample of tellurium sol. X-ray exi>osure was 
found to have no coagulating effect on the tefluriiun sol. 

A solution of colloidal tellurium was; allowed to evaporate at the room 
temperature. After a few days a dark rifed gummy mass of tellurium was 
observed. This gummy mass, when shakc^ with water, passes into colloidal 
state. This gummy state persists even after i long time and is never completely 
dried up even when it is placed in a dessicaldlr. 

X-R AY T N V K S T T G A T I () N O V Ch Tv k ( ) T D A h T K k I. U R T U IM 

The telluiiuni content of the sol is so weak that the diffraction jiattern of a 
colloidal solution of lelluriiim does not reveal the presence of telluriimi particles 
in it. 

The following samples were examined with X-rays : — 

A. Forced precipitate by HN( k, from freshly prepared sol. 

B. Forced precipitate by HN( ).$ frotn heated sol. 

C. Dried-up gummy mass. 

D. Forced precipitate from aged sol. 

li. Forced precipitate of heated aged sol. 

F. Thin film that settles over the concentrated sol obtained on allowing a 
fresh sol to dry up in a basin. 

A. A cell w^as prepared on a zig-zag paper with the piecipitate obtained 
])y adding strong HN< );^ to the freshly prepared sol and the X-ray diffraction 
pattern shows only one sharp band (Plate V). The value of the spacing is 3*00 
(A. IT.). The hexagonal patteni consists of a prominent group of ringshaving 
spacings 2.86 (V.W.), 3.05 (V.V.S ), 3-39(W), in (A.U.). 

B. The addition of HNO3 to a heated sol brings about the precipitation 
much more easily and in a much shorter time than is required for unheated .sol. 
The X-ray exposure yields a pattern consisting of a large number of sharp rings. 
The spacings and intensity distribution of thCvSe rings correspond exactly to 
those due to hexagonal tellurium (Plate V). 

C. The gummy mass, when exposed to X-rays, gave very faint rings as 
well as bands ; but the rings do not exactly correspond to those of hexagonal 
pattern nor to the bands of amorphous tellurium. 

D. Tellurium sol, one month after its preparation, was precipitated w ith 

HNO3. This precipitate yielded to diffused rings (Plate V) but none of them 
agrees with the bend obtained from amorphous telluriuui. ' 
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E. The effect is exactly similar to that described in B. 

F. On allowing tellurium sol to dry up in a basin a thin film was found to 
form on the surface of the sol. The same thing also happens with sulphur sol. 
The thin film from latter sol is found to be a new crystalline variety of sulphur. 
Thin film of tellurium sol is crystalline and its intensity distribution is quite 
dissimilar to that of hexagonal pattern (Plate V). The spacings as well as the 
relative intensities of the rings of hexagonal tellurium and this thin film are 
given for comparison in tabic I and II. 

n I R C Tl P S I f) N OF THE R E S IT T/F S 

Eet us first make a brief survey of the general properties and experimental 
methods of preparing the colloidal solution and see what can be inferred as to 
the jiature of the colloidal particles in a very general and qualitative way before 
l)roceeding to discuss the results obtained above. 

The methods of preparation of colloids in geneial may be classified under 
two headings : — 

(1) The method of condensation : — 

In this method, viz., the chemical method, we start with atoms of the subs- 
tance. These atoms, due to thermal motion, collide with each other and as a 
result form bigger masses. These particles as they grov.' u]) get charged in some 
unknown way, which perhaps increases with the increase in size of particles 
until the mutual repulsion between similar charges prevent the particle from 
coining in actual contact with each other, i.e-, prevents the growth of size. 

(2) The method of dispersion ; — 

In this method the substance is taken in bulk and then dispersed in the 
liquid medium, viz., mechanical method, etc., i.c., the size of individual paitlcles is 
gradually diminished until the state of equilibrium, same as described above, is 
reached. It is natural to suppose that the colloidal particles prepared by this 
method have retained the atomic arrangement peculiar to the substance in bulk, 
since in this method we simply dispersed the sample by gradual diminution of 
particle size and did not break up the substance to its atomic state ; of course it 
is not impossible that other factors are also to be considered. For, in this fine 
state of matter, where the individual particles are only few hundreds of atoms 
deep, energy consideration may permit of a different atomic arrangement. Besides, 
there may be other factors with which we are not yet familiar ; in fact, our 
knowledge of this fine state of matter at this stage is very limited. 

In the first method, the substance is produced in the atomic state and these 
atoms next grow to form small masses which in their turn may coalesce wdth 
atoms or with similar groups and thus may form still bigger particles. In natural 
process of crystal growth, say from a solution, growth takes place from atoms 
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PLATE V. 



Fig. I. 



Fig. 2. 



Fig. 3. 



Fig. 4. 


o 


Fig. 5 


Kig. 1 •- Pattern of the alottrolyMc (\\igulum ot a iK-atcd TV Sol. 

Fig. 2 •- Amorphous patfcrn ol the Coaguliim from .i fresh Te Sol 

Fig. 3:- Pcitforn ol the thin him Irom the Surface ol a To Sol. allowing if to dry up in a ha.sin 

( Suspected new variety ). 


Fig. 4 Two diffuse rings of the Coagulum from an aged Sol. 

Fig. 5 Amorphous blind of the Coagulum from a Iresh AS 2 S 3 Sol. 
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Tabi,e I 

Metallic tellurium (New suspected variety) : 7 = 2.88 cm. 


Rings 

Intensity 

Sin S 

d in lA. 

V.i 

Intensity 

.' 5 in » 

d in (A. IT.) 

1 

Wfa) 

o.aoSo 

3.070 


W (a) ! 

0.1091 

7.05 

3 

W {$) 

0.2276 

3<»5 


W (a) 

0.1436 

.5.36 

3 

V. S (a) 

0.252.^ 

3 05 


W (B) 

0.1754 

3-96 

4 

V. V. W (a) 

0.2685 

2.86 

% 

■1 

1 

W (a) 

0.1938 

3.97 

i 

5 1 

V. V. W (i8) 

0.3913 

2.23 

i 

S {$) 

0.2098 

3.31 

1 

6 1 

V. V. W 0 ) 

0.3256 

2.13 

1 

1 

vS («) 

0.2531 

3.04 

7 

S (a) 

0 3437 

2.24 


W (a) 

0.2948 

2.61 

8 

W (0) 

0 3636 

2.12 


V. W (a) 

0 3193 

2.41 

0 

V. V. W (a) 

0.387^ 

I.QQ 


V. W (a) 

0.3482 

2.21 


Table II 
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Precipitate by HNO3 from 
heated Te sol 

3 do. 

V. vS(a) 

0.2541 

3.05 


4 do. 

S (a) 

0.3458 

2.23 


5 do. 

V. W ia) 

0.3619 

2.63 


6 do. 

V.V.W^a) 

0.4399 

1-75 

Precipitate by HNO3 from 
fresh Te sol 

one sharp l)and 


0.2490 

309 

Gummy mass of Te obtained 
on drying a Te sol 

I diffuse ring or 
band 


0.1253 

6.13 


a rings 

W {$] 

0.1769 

3.93 


3 rings 

W fa) 

^.1953 

3-94 


4 diffuse rings or 
band 


0.2405 

3.20 

Electrolytic Precipitate from 
aged Te sol 

1 diffuse ring or 
band 


0.1253 

6.13 


do. 


0.1854 

4.15 


do. 


0,2369 

3.26 
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placing themselves in the position of minimum energy. When atoms coalesce 
to form small masses in this method, they may be expected to arrange them- 
selves in agreement with the energy condition within a very short time. But in 
the process of growth to form a bigger mass, complete rearrangement amongst 
the smaller ‘ particles probably does take place instantaneously. In a freshly 
prepared sob therefore, the individual colloidal particles may not be single crystals 
hut may consist of still smaller crystallites. The crystalline nature of these 
crystallites should be determined by the energy consideration prevailing in that 
fine state of matter ; thus these crystallites may retain a structure similar to that 
of the stable variety (ordinary variety at room temperaUire) or a new variety or a 
mixture of both all depending upon energy difference of the different types, 

()n heating the sol two effects may be expected ; firstly, the individual 
colloidal particles tend to become single crystals due to the greater freedom of the 
atoms for rearraiigeinenl. Secondly, due to greater thermal energy, the particles 
collide in spite of their similar charges and grow in size which may ultimately 
cause coagulation. Also, if the charges be due to adsorption of ions by the 
particles, as is held by one school, the heating may also lead to partial removal of 
charges due to the escape of adsorped ions. Besides these, changes of specific 
inductive capacity due to thermal effect causes an alteration in the repulsive 
force betw^een the charged particles. 

On adding an electrolyte, the dielectric constant is increased, thereby 
decreasing the repulsive force between similarly charged particles. Besides, the 
charge of the colloidal particles is neutralised by oppositely charged ions of the 
added electrolyte and so coagulation begins. 

X-ray diffraction pattern of the forced precipitate by HNO3 consists of a 
single band, approximately in the positions of a group of rings of hexagonal 
variety. This clearly indicates that the size of the single crystallite particles 
present in fresh sol must be less than lo^^cm. (particles lying between and 
To^^cm. yield sharp line pattern). On adding the electrolyte, the agglomeration 
of the colloidal particles occin s so rapidly that they settle down funder gravity) 
before the crystallites can orient themselves to form bigger crystals. In other 
words, during the actual in ocess of coagulation of tellurium sol by HNOa, 
the sizes of the single crystallites present in the colloidal particles do not 
increase appreciably. 

On heating the sol, each colloidal particle becomes a single crystal, and, 
l)es!des this, they also grow^ in size. The precipitate by HNO3 yields sharp 
continuous rings characteristic of the hexagonal tellurium. Supposing now that 
in this case, too, the process of electrolytic coagulation does not influence the 
size of the crystallites to any great extent, the particle size of precipitate gives 
a rough idea of the size of the particles in the colloidal state. This is not 
unlikeljr, for the colloidal sol may contain particles big enough to be of the 



Investigation of Tellurium and Arsenic Sulphide 283 

order of io~® cm. and be still stable and the particles of this order are able to 
produce sharp and continuous rings pattern. 

In general, colloidal solutions (viz., sulphur, selenium, etc.) are found to 
coagulate (at least certain appreciable percentage of it' on heating, the reason is 
that the colloidal particles have grown top large to remain in suspension. In 
the case of tellurium we are led to the cpuclusiou that the particle si/.e grow 
up on heating but only to the order of icT' cm. so that they are still able to 
remain in suspension. An alternative to,, the above supposition may also be 
suggested- In case of a fresh sol where theltadividual colloidal particles consist of 
crystallites at random when the coagulatioi^ is occurring, the tendency of crystal 
growth is not sufficient to cause increase in ^he size of the crystallites to an appre- 
ciable extent. But, in case of heated sol,^he individual particles being single 
crystals, the tendency of crystal growth is jjpssibly larger, so that, during coagu- 
lation, the increase in crystal size by orientation of the smaller crystallites is 
possible ; thus the presence of crystals of sijK; jo"' to lo"'* cm. in the coagulum 
becomes possible. 

As the sol is heated and kept for a considerable period at a temperature much 
liigher than the room temperature, it is likely that any other form of tellurium, 
even if present, should be converted into the ordinary metallic variety and in the 
coagulum it is only the hexagonal variety that can be expected. 

The pattern of this pi'ccipitate from the heated sol also shows that the added 
electrolyte has no effect on the pattern due to the precipitate although the 
precipitate may quite justly be suspected of containing a portion of the added 
electrolyte. 


AGEING 

The effect of the orientating tendency of the colloidal particles, i.r.. of slow 
coagulation, is manifested clearly in the pattern of the coagulum from aged soi. 
In the pattern of the coagulum obtained from the aged tellurium sol two bands 
(diffuse rings) make their appearance ; their spaemgs do not exactly correspond 
to that of amorphous tellurium. The strong rings in the pattern of the thin film 
that settles on the sol on allowing it to dry up, however, agrees closely with the 
position of these diffuse rings. This clearly indicate that, on ageing, growth of 
crystallites have taken place but still they are not large enough to yield to sharp 
pattern. 

Tellurium sol on allowing to dry up on a basin Lecomes a paste-like mass. 
This is probably due to water molecules being strongly bound to the colloidal 
particles of tellurium. Two effects are superposed here. As the sol dries up, the 
colloidal particles come closer and the chance of collision increases. The second 
effect is due to ageing. Both the effects, however, may be regarded as due to 
ageing — only difference will be that this will behave as a soi which has been aged 
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for a very long time. In the pattern of the gummy mass, we therefore find the 
cont nuation of the effects of ageing only to a greater extent, and rings do 
appear though still accompanied by a band. This also explains the line-band 
correspondence in the pattern due to this gummy mass and that due to precipitate 
from aged sol ; the slight discrepancy must be ascribed to smaller particle size 
in case of the latter. For, it is well known that spacings depend on the particle 
size, the spacings decreasing with the increase in particle size. 

The film formed on the surface shows crystallinity and we are thus led to the 
conclusion that, whatever may be the cause, it is the particles at the surface t)f 
the sol that are affected most on ageing; the scum 'Mevitrefying ” almost 
completely while the devitrefication of the mass inside is still incomplete. 

The diffraction pattern of this film differs widely from that of hexagonal 
variety ; besides, the intensity distribution being completely different, there 
are also certain rings which do not agree tolerably with any of the 
hexagonal rings (c/. B and D). Here two explanations may be suggested. 
Either (a) we are to believe in the existence of a new type of tellurium (other 
than the one known) which has been isolated in this way, the coi responding 
crystallites being present in the colloidal sol ; or (b) we may assume that the 
crystallites of metallic tellurium, present in the fresh sol, cannot under the 
circumstances described above grow up equally on all of their faces. This un- 
equal development in different directions may be responsible for such dissimilar 
pattern. The thin film in case of sulphur and selenium sol comes out to be 
entirely different from the ordinaiy stable variety, as has already been found in 
this laboratory. Led by this analogy and similarity between the elements — 
sulphur, selenium and tellurium, we believe that a new variety oi tellurium 
(monoclinic perhaps) has been isolated in this w'ay. 

n. A R S K N 1 O I? >S vS U ly P H r D K .S O h 

Preparation : — A saturated solution of As2()a in conductivity water w’as 
prepared by boiling the oxide with water for about two hours. The solution 
was next cooled and diluted to double its volume. A slow stream of H2S gas w'as 
then passed till the solution was saturated with H^S and a strong colloidal 
solution of AsaSfl was obtained. HaS gas was then removed completely by 
passing in slow’ stieam until complete removal occurred. It was next filtered 
thrice through double filter paper when stable colloidal solution of AsaSs in water 
was obtained. 

Properties v — The transparent yellow’ solution, so obtained, is very stable. 
When allowed to stand for days a fraction precipitate down. 

Most of this precipitate is easily peptisable. So far as heating is concerned, 
AsaSa sol is very stable. It does not precipitate even on boiling for a long 
time. 
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The sol is anionic. It can be precipitated even with a small quantity of 
ordinary tap water. The addition of a drop of HCl bring about a complete and 
immediate precipitation of a large quantity of the sol. 

On allowing to dry up in a basin, the sol completely dries up and falls to 
powder ; while under similar condition tellurium as well as selenium sol never 
completely dries up but forms a pasty mass. 

X-ray was found to have no coagulating effect on AsaSj sol 
X-ray investigations ; — 

The precipitate obtained on addition of an electrolyte to freshly prepared 
AsaSa sol was exposed on a zig-zag paper ai^ two bands were obtained (Plate Vj. 
The bands correspond in position to two prominent groups of rings in the powder 
pattern of ordinary As2S3- ‘ 

The AS2S3 sol was taken in a flask and I^pt for a few days when a certain 
amount of precipitate was found to accuiniilate at the bottom. The supernatant 
colloidal sol was taken out with the help of a pipette without disturbing the 
precipitate. The sample of AsgS*, so obtained yielded one band on X-ray 
exposure. This baud corresponds to that at the smaller angle of scattering in 
the preceding case. The second baud was also present but was found to be very 
weak. 

The solution was heated in a water bath for a few hours and the stable 
sol was precipitated by HCI. On X-ray exposure, the precipitate yields two 
or three rings which agree in spacings with corresponding rings in the pow^der 
pattern of ordinary arsenic sulphide wdthin experimental error. 

A solution of colloidal arsenic sulphide was allowed to evaporate at the 
room temperature. The sol completely dried up and fell to powder. The 
pattern of this sample was exactly similar to that of the ordinary variety both in 
spacings and in intensity distribution. The measurements are given in 
table III. 

Tabi^e 111 


Specimen 

No. 

Intensity 

vSin B 

d ill (.A. U. t 

Ordinary arsenic sulphide 

I i 

S {a) 

0.1103 

6.68 

6.30 

powder in a henii- 

1 

V.vS. (a) 

O.I2K) 

cylindrical camera 


S (at 

0.1288 

5 '9^ 

r=2.o6 cm. 

A 

V.V.W. (a) 

0.1774 

4.34 

5 

S(a^ 

0.2391 

3-21 


6 

S («‘ 

0.2473 

3.11 


7 

V.W. (a) 

0.3113 

i 2*47 

1 

Precipitate by HCl 
r*a.88 cm. 

1 

2 

Band 

ft 

0.134 

0.1931 

5*74 

399 

Natural Precipitate 
f«2.o6cm. 

1 

2 

*1 

Too weak 

0,1332 

0 

( 0 

1 

t 
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The results can be summarised as fdllows : — 


Name of the sample 

Nature of the pattern 

Remark 

(1) Natural peptisable precipitate 
that settles on standing 

(2) Forced precipitate by strong 
hydrochloric acid 

1 Bands 

1 

Amorphous 

(3) Forced precipitate by hydro- 
chloric acid from heated sol 

1 

Ring pattern similar to that of 
the ordinary AS2S3 powder 

Crystalline 

(4) Dried-up sol | 




DISCUSSIONS 

The general considerations that were made in connection with tellurium 
sol are also applicable to the present case. The precipitate by an electrolyte 
from a fresh sol yields bands as in the case of the tellurium sol. Hence the 
size of the crystallites that are responsible for the pattern must be less than 
lo"’ cm., which is the limiting size for a sharp ring. The band also corres- 
ponds in position to a strong group of rings in the powder pattern of As^Ss. On 
heating, it is expected that growth of size of the individual colloidal particles 
talces place and individual particles become single crystals and therefore show 
rings on X-ray analysis. 

With regard to (i) and (4) the present sol behaves quite differently to 
tellurium sol ; arsenic sulphide sol dries up completely and falls to powder 
whereas tellurium sol forms a gummy mass It suggests therefore that the 
force of attraction between the charged colloidal particles and the electrically 
bound water molecules is not strong enough to resist evaporation. The high 
sensitiveness of the sol towards electrolytes is probably due to this small force 
of attraction between the charged particles and the electrically bound water 
molecules. 

Another point of difference between the present sol and the former lies in 
its formation of natural peptisable precipitate. That a certain amount of AsjSs 
settles down is a clear indication of growth of size of the colloidal particles. 
X-ray analysis, however, reveals that the sizes of the individual crystallites • 
are not large enough to produce a sharp ring pattern. So we are led to the 
conclusion that the colloidal particles collide with each other inspite of their 
charge and some of them get agglomerated. These agglomerates settle down 
before they can array themselves in a crystalline arrangement. This precipitate 
consists of crystallites grouped almost at random— the force of binding is simply 
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that of cohesion ; so by shaking they may be expected to disperse easily. That 
is exactly what we find in this case; this precipitate can be easily peptiscd. 
Had they been arrayed in a crystalline pattern, simple shaking could not have 
dispersed the crystalline particles to the colloidal .state. 

'The work was carried out in the Khairil Laboratory of Physics, t'niversity 
College of Science, Calcutta. The author takes this opportunity of acknowledg- 
ing his indebtedness to Prof. B. B. Ray, D.Sc., for suggesting the problem and 
kind guidance throughout. 
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MEASUREMENT OF THE ANGLE OF INCIDENCE AT THE 
GROUND OF DOWNCOMING SHORT-WAVES 
FROM THE IC^OSPHERE 

By CHAM an LAL, M.Sc. 

{Received for f^ublicatia^, March 30, ig4i) 

Plates VI md VII 

ABSTRACT. Measurement of downconiing angles for a number of European short-wave 
stations have been made. The apparatus ctnisists if two commercial superheterodyne receivers 
with two parallel horizontal dipole aerials for ^picking up energy. Downcoming angle is 
inferred from the phase difference between the voltages on the two aerials. 

Average values of the downcoming angles for the B.B.C. transmitters during the months 
of May, June, September and November, 1940, came out to be i6*; 20*. 6; 15*. 2 and 14 *.2 
respectively. 

The average values obtained for the fTcrman stations for the months of May, June and 
November, 1940, came out to be 2o*.8 ; 19® and 15*. 


INTRODUCTION 

A knowledge of the angle of incidence at the ground of short-waves 
propagated via the ionosphere is essential for the efficient design of both the 
receiving and the transmitting aerials, for point-to-point working in particular 
and broadcasting in general. 

For most efficient operation the transmitting aerial, besides being orientated 
to radiate maximum energy along the great circle path joining the transmitter 
and the receiver, should also concentrate the energy so that the angle of eleva- 
tion above the horizontal of the radiated beam is most favourable for reception 
at the receiving point. Energy radiated at other than the coiTect angle is wasted 
in so far as the receiving point is concerned. A consideration of the reciprocity 
theorem will show that the optimum angle of transmission will be the same as 
the downcoming angle measured at the receiving point. Likewise the receiving 
aerial should also be orientated in the correct horizontal direction and designed 
to receive maximum energy from the correct angle in the vertical plane. This 
will help to discriminate against atmospherics and other kinds of interfering 
signals, besides building a strong signal to overcome receiver noises, etc. 

Determination of the downcoraing angles is important to the physicist 
engaged in the study of the ionosphere. This information provides him a mean^ 

7-1387P-IV 
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of experimentally verifying his theories of electromagnetic wave propagation 
via the ionosphere. Determination of the height of the ionosphere can also be 
made from a knowledge of these angles of incidence at the ground. 

The set-up described in this article is what is usually termed the “phase 
measurement method,** and differs from conventional methods’ in that it makes 
use of two ordinary commercial superheterodyne receivers (having R. F. sensiti 
vity control) adopted for the experiment with the following modifications : 

(1) The internal oscillators of the two receivers are made inactive. 

(2) A common external local oscillator is used as a heterodyning oscillator 
for either. 

No’ great care is exercised to have exact phase symmetry between the two 
receivers. The individual tuning control adjusts the tuning of the R. F. stages 
and thus controls the phase. This control can be used for phase compensation. 
The local oscillator is used for tuning in the required signal. 

Such an arrangement is relatively easy to set up and requires no elaborate 
components and ‘instruments for making special receivers, exactly matched for 
phase and gain. 


THEORY 

The basic principle underlying the method is that when radio waves from 
a certain direction arrive at two receiving aerials separated by a known distance 
the phase angle 0 between the induced voltages is : 

0 ~ d sin ^ sin A radians, 

A 

where d — the spacing in metres between the two receiving aerials set up 
parallel to each other ; 

A — the wavelength in metres of the waves under investigation ; 

the angle of incidence (measured from the vertical) of the down- 
coming waves ; and 

A = the angle between the Azimuth of the transmitting station and 
the direction of the receiving aerials. 

The signals from the two receiving aerials are amplified independently after 
being heterodyned with a common heterodyne oscillator (to ensure that proper- 
phase relationships are maintained) and are then applied to the plates of a 
cathode-ray oscillograph tube where they give rise, in general, to an elliptical 
trace. It is possible from this pattern to calculate the relative phase difference 
between the two E.M.F*s applied to the C.R.O. plates. Knowing this value 
of phase difference and granting that no extra phase difference has been intro- 
duced by the associated circuits, it is a simple matter to calculate the angle of 
fpcidence to the ground of the downcoming waves. A mathematical note, 
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showing that when tw'o H.M h s with a phase difference are heterodyned with 
ti coniiuou hctciod>iiing oscillator, they retain their original phase difference, is 
given in Appendix I. Appendix II presents complete mathematical discussion for 
the interpretation of the ellipse. 


K X P R R T K N T A h vS JC T - U 1* 

An idea of the experimental set-up can be obtained from photographs Nos. 1 
and 2 fPlatcs VI and VII) and the lay-out di|igram shown in Fig. i. 



Fi(i. I 

Ai and A^ are 12 ft. high horizontal receiving dipole aerials separated by 
a distance * d * metres (approximately 1.2A) and cut for approximately half wave 
operation on 19 metres band. Care is taken that the two receiving aerials arc 
exactly symmetrical. The aerials are joined to the apparatus located in a 
nearby wooden hut by means of two equal lengths of twisted flex. Si and Sa arc 
D.P.D.T. knife switches (suitably shielded to avoid spurious pick-up). RFi and 
RFa are R F. stages of the two commercial receivers, local oscillators of which have 
been made inactive. Their mixers stages Mi and Ma are fed in parallel from a 
common heterodyne oscillator H. In this arrangement the two receivers were 
Hammerlund Super-pro model SP-iioS which have a sensitivity of 5 to 2 lor 
6orBS signal to noise ratio and the common heterodyne oscillator was the 
oscillator section of an R.C.A. receiver type 8T, its mixer stage having been 
disconnected. IFi and IF2 are LF. amplifiers working at the intermediate 
frequency (456 kc/s) in order to amplify the signals to a level high enough to 
give a suitable deflection on the cathode-ray oscillograph marked C.R.O* 
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PROCEDURE 

Preliminary Experiments and Adjustment : — 

The D.P.D.T. switches Si and Sa are used to enable any one of the two 
receivers to be connected to any of the aerials separately or together. 

With any one of the aerials connected to both the receivers in parallel, the 
common heterodyne oscillator H and the ganged R.F. stages of the receivers 
could be tuned to receive any desired transmission. The tuning and the R.F. 
gain-control of the receivers are then manipulated such ttat the trace on the 
C.R.O. .screen becomes a line inclined at 45® to the horizontal and the vertical 
axes. Under these conditions the two receivers have been adjusted so that the 
phase retardation in one compared to that in the other receiver is a whole number 
of complete cycles or is zero. All that is then necessary is to put the two 
receivers on independent aerials and record the resultant ellipse appearing on 
the C.R.O. screen, either photographically or by making a tracing, though the 
latter will be only approximate unless the signals are very steady and no fading 
is present. For preliminary observations ordinary bromide photo-printing 
paper can be exposed directly on the C.R.O- screen when a contact print of the 
desired ellipse pattern will appear on the paper after development, or the pattern 
can be recorded by the help of an ordinary camera using rapid negative material. 
The ellipse pattern is then used for calculating the required phase difference. 
Under proper working conditions the ellipse will have its major axis inclined 
at 45° to the oscillograph axes and will maintain its axis and eccentricity even 
if the aerials are changed over by operating sw^itches Si and S2. Under such 
conditions the angle subtended by the minor axis at the ends of the major axis 
will give the desired phase angle between the two component e.m.f ’s which 
produced the ellipse {see Appendix II). Under improper conditions both the 
major axis at which the ellipse appears on the C.R.O. screen and its eccentricity 
may change on reversing the switches Si and Sj. 

Such an improper condition when it exists is found to be mainly due to 
the coupled impedance thrown back by the tuned secondaries of the input 
transformers into their primaries being different in the two cases, with the result 
that when the receivers are put in parallel to work from the same aerial in order 
to be aligned for zero phase difference in the two limbs the impedances alter 
and become unsymmetrical as soon as the receivers are put on the tw^o aerials 
independently. In the arrangement set up this effect was made negligible by 
connecting tw^o very low resistances (about i ohm each) across the input of the 
two receivers. This helped to keep the input impedance in both the cases 
steady and resistive. The reduced gain of the receivers was compensated for 
by additional I.F. amplifiers IFi "and IF*. 
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For any measurement two successive pliotograplis were taken by interchang- 
ing the aerials connected to the two receivers. The mean of two such measure- 
ments was taken as the final result. This procedure helped to further reduce 
the error introduced l)y the changes in the receiver input impedance 

n B H A V 1 O U R c; F T H li 1“ A T T B R S A P P IJ A R I N (i O N T H R 
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Under actual working conditions it was qjbserved that during the day signals 
from long distance broadcasting stations siuch as Berlin, Moscow, etc., 

rarely give ellipses which are steady and useftjl for downcoming angle measure- 
ments. The ellipses are often seen to rrtate, change their size, shape and 
eccentricity in a random manner, the rapidly of rotation and the agitation of the 
ellipses being greatest on the magnetically disturbed days. Ellipse patterns 
were in general found to be steady in the nigfcts and before dawn in the mornings, 
when the ionisation levels in the F and the E layers are relatively low. Long 
distance transmitters tovxards the east of Delhi were generally obseived to show 
a tendency to give steadier ellip.ses soon after sunset, and those to the west of 
Delhi in the early morning up to sunrise. Ellipse patterns from short distance 
short-wave stations at Delhi, Bombay, Madras and Calcutta were seldom observed 
to be steady cither in the mornings or in the evenings up to n p.m. The ellipse 
patterns from these stations were generally more highly agitated than those 
obtained from long distance short-wave stations, with the result that measurements 
on the Indian short wave stations were not always possible. 

A study of the mathematical note (Appcndi.x II) will show that this behaviour 
of the ellipse patterns is to be ascribed to simultaneous arrival of energy along 
more than one path, with the result that the resultant direction of arrival is 
changing with the fading of the signals and interference between the multiple 
rays arriving at the receiving aerials. An experimental verification of this 
theory to some extent was obtained by observing the ellipse patterns by using 
two special diamond aerials directed tow’ards B.B.C. which are highly directional 
both in the horizontal and in the vertical planes. Since the angular spread from 
which energy can be received in this case was considerably limited as compared 
to the ordinary dipole aerials the ellipse patterns from B.B.C. transmitters were 
seen to be relatively steadier in the case of B.B.C. diamond aerials. The limited 
angular spread from which energy could be received in the case of B.B.C. 
diamond aerials helped to cut out some of the energy arriving in multiple paths 
with the result that effects due to interference became less acute. 

n K S ly T s 

The apparatus was ready for making angle measurements on the aolh May, 
1940, when a direct exposure was made on the C.R.Cl. for obtaining an ellipse 
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pattern for GSF signals at lo p.m. The angle of arrival of GSF waves as obtained 
from this photograph came out to be i6® to the horizontal. This result has been 
more or less confirmed by later observations and measurements. A typical 
direct photograph is shown in Fig. i (Plate VI), from which it will be observed 
that the ellipse pattern is a dark patch on a white background. This is because 
of the fading of the signal which causes the pattern to vary from zero amplitude 
to the maximum marked by the contour of the dark ellipse. 

It must be remarked here that, with such a crude method as the one used 
in the earlier period of experimentation, successful photographs as the one shown 
in h'ig. I (Plate VI) are subject to a certain amount of piactical skill and the 
conditions prevailing Lt the time the recordings were made. In case the 
signals are suffering from bad fading and the exposure is made during the time 
that the ellipse is going through its worst agitation, a veiy disappointing result 
may be obtained, which wdll be utterly useless from the point of view of any 
measurements. Subsequent measurements were therefore made by taking 
instantaneous recordings with the help of an ordinary camera. A typical set of 
such camera recordings is shown in Figs. 2, 3, 4, s and 6 (Plf.le VI). 

Preliminary adjustment for no phase difference in each of these six casts 
was a straight line making an angle of 135® with the positive direction of X-axis. 
The phase difference as shown below the photograph is the angle subtended by 
the minor axis at the end of the major axis. Actual phase difference will, 
however, be given by the following consideration : — 

If the ellipse lies in the 2nd and the 4th quadrant, the phase diffeicnce can 
be 0, 360 ±0, 2 X 360 ±^>, etc., where <p is less than 90°. 

On the other hand, for the ellipse to lie in the ist and 3rd quadrant the 
phase can be i8o±<jfi, 540 ±0, etc. 

By looking at the photograph and know ing the value of the maximum 
possible phase difference (2?rd/A), the most probable value of the additional 
figure cau be easily picked out. Thus, having found out the actual phase 
difference,, the value of 0 can be calculated. 

It may be further added that the major axis of the ellipse in Figure i was 
actually at au angle of 135'’ with the positive direction of X-axis. It has been 
rotated through an angle of 45°, thus making the major axis appear vertical. 

, At this stage it w as considered advisable to devise methods for experi- 
mentally checking up lhe behaviour of the apparatus. Gne of the easiest and 
the most reliable methods that lent itself for this purpose was the use of the 
ground wave signals from the Delhi short-wave transmitters at a time when the 
ionisation levels in the ionosphere w'ere low enough not to return any energy 
incident vertically. Under such conditions, which were mostly confined to the 
night after ii p.m. or the early morning before 8 a.m., in the months of June- 
July, 1940, ellipses were found to be sufficiently steady to permit of good photo* 
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graphic records or tracings to be made. As the tall Delhi masts supr)ortiiig the 
short-wave transmitting aerials were visible at the Todapur Receiving Centre 
of A.I.R. (where these experiments were conducted), the angle between the 
direction of the receiving aerial and that of the Delhi short-wave transmitting 
aerial could Idc measured with a high degree of accuracy with the help of a 
theodolite. Knowing the wavelength of tlie Delhi transmission used to develop 
any ellipse patterns, and the fact that wave. i>r<)pagation is horizontal, together 
with the angle measured between the dittetion of the receiving aerials and the 
Delhi transmitting aerial, the expected phase* difference could be calculated and 
tliCii checked with the phase difference obtaiiied from the ellipse pattern appearing 
on the C.R O. screen. is- 

typical ellipse pattern obtained with the use of the Delhi transmissions 
in the 19 metre band is shown in B'ig. 2 (PJfcte VI), from which the measured 
phase difference comes out to be 74^. HShase difference calculated from the 
geometry of the set-up was foiuid to be 7^"" ^3 which is considered to be a fairly 
close agreement. 

It was found that the average value for the dovvneoming angle in the case 
of B.B.C. transmitters during the months of May, June, September and 
November, 1940, came out to be 16°, 20®. 6, 15"^. 2, and 14^.2 respectively. 

The average values obtained for the t /erman stations for the months of 
May, June and November,, 1940, came out to be 20'’. 8, 19^ and 15®. 

The results, as will be apparent, indicate a general lowering of the layer 
height during the winter evenings as compared to the summer evenings. 

Vatiatiori in the measured values : — 

During the course of these observations it was noted that tlie results varied 
by as nuicli as ±20% even on the same evening. This variation has to be 
ascribed partly to the w ell-know n fact that the rays from any particular station 
do not come as single rays but have a certain spread in the horizontal and the 
vertical planes, the angular spread being more in the latter case. Results 
are further affected by fading, wdiicli is considered to be the chief factor contri- 
buting to such a wide variation as ±20%. 

C O N C Iv U I O N 

As the photogiaphs were mad.e by exposure of the film at the moment that 
the ellipse reached its maximum size they represent the main ray, and the direction 
inferred from that ellipse refers to the direction of the principal ray. This is 
particularly true in the case of the contact photographs in wiiich measurements 
can only be made from the contour of the dark patch. Hence under conditions 
of measuiemeiit the subsidiary ray must have either faded out completely or so 
changed in polarization as to give no effect on the aerials. The direction of 
arrival of the subsidiary rays cannot be inferred frojn these experimeplSf 
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For finding out the diiection of ai rival of other rays than the prik.cipaly it 
will be necessary to liave a series of photography of the changing ellipse at small 
known intervals and to analyse them so as to find out what combination of rays 
can give the kind of change observed. 

This method, however, on the face of it is very complex and may not give 
very definite or easily interpretted results. 

If, however, the transmitter gives short-duration pulses, each subsidiary ray 
will arrive at an interval of time different from that of others and will give a 
separate ellipse of its own. There will then appear ellipses equal in number to 
the number of rays present. These ellipses will represent the directions of arrival 
and intensity of the rays by their eccentricity and size respectively. The pulse 
method of observation is therefore more promising for yielding useful results 
relating to the more complex propagation conditions in the ionosphere. 
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APPENDIX T 

Let Ai sin wf and A 2 sin (od + f) be the signals applied to the two mixers, 
respectively in the two receivers. 

Suppose further that the signal introduced by the local oscillator is : 

B sin {yi + 0* 

Now, the mixer characteristic may be taken of the general form : 

where i = output current ; 

c = input voltage ; 
g|i4 Uoi a I and aj are constants, 



(1) 


(2) 

Aon.il .inJ iwcMviiiij luit 
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For mixer No, r, the output current ii may therefore be written as : 

(Ai sin + 

+ a2(Ai sinw^ + Bsin 

This after simplification may be written as : 

i\ =a() •4-a2/2(Af + B‘^) + a|A] ^in <of + aiB sin 7/ + ^) 

— cos — rt2B/2 cos 2(7/ + ^5) 

+ a2AiB cos + ^}~a2AiB cos {(>+<0)^ + ^}. 

This expression shows that the output of ^e mixer contains (i) the fundamental 
frequencies ; (2) frequencies of twice the ^alue of the fundamentals ; (3) sum 
and difference of the fundamentals. As |he output of the mixer is tuned to the 
intermediate frequency which is equal ti the difference of the fundamental 
frequencies then the only term of importanc^ (and which is further amplified) is: 

a2AiB cos {(7-^01)/ + £}*. ... (t) 

Similarly it may be shown tliat the I.P\ output of the and mixer is : 

a2AoB cos {(7- !»))/ + ^ + 0}. ... (2) 

It will be seen from (i) and (2) that the phase difference of the intermediate 
frequencies produced is 0, which is the phase difference* between the original 
R.F. signals. 


APPENDIX TI 

Intrepretation of the Ellipse forms appearing on the CRO in the experiment 
of Measurement of the Angles of Down-coming Rays.*' 

S 11 M A R Y 

It is shown that forPb, == 1 C,, the ellipse wdll not process but only change 
its ellipticity with changing values of the phase difference 0. If, however, E,. 
does not remain equal to Pw,, the ellipse will rotate. It will rotate continuously 
for variable E, /E/,, and changing 0. Further the ellipse may not process in case 
of a single ray but will do so when rays more than one are present simultaneously. 

{/) — Ellipse formation and its interpretation. 

Let us confine ourselves, in this section, only to what happens in the 
CRO itself. 

A sinusoidal voltage E=J-^Ar' sin <•)/ is applied to the plates, which produces 
deflection in the horizontal (X-axis) direction. The deflection produced is 
proportional to E. Hence at any time (/) displacement (.t) of the beam from 
the centre is given by 

xcdih' sin 

or .^ = feE/,' sin W = Ea sin <Df ... (ij 

where ^ is a constant of the CRO and its working voltages and — 

8— 1387P— IV 
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A \’oltage of the same frequency (o>/ 2?r) is also applied to the vertically 
deflecting plates. This second voltage may have a difl’erent amplitude E,/ and 
phase ij ) ; hence the vertical deflection 

3' = /v’'K, 'sin + = sin (iot + f) ••• (2) 

where k' may be different from A: of (i) and /r'K/ = K„. 

Actual path traced by the spot will be determined by the combined action 
of (i) and (2). 

Eliminating (o /) from lelations ^1) and ^2), v\e have 

3' = V cos 0 + E sin 0 V i “ / E? 

E/, 

Transposing, squaring and simplifying, we get 

. -----i:!- -2 =1. ... fo 

Ea sui*^ 0 Er sin-r/) JE-E/, sin*^f/> 

Comparing ^3) with the standard equation of the ellipse 
Lix'^ hy ' + 2 hxy— i, 

we find that the curve appearing on the CRO will be an ellipse- If tWs the 
angle made by the direction of the major axis with the X axis, then 


tan2'A= 

a - b 

which for equation (3) after simplification becomes 

tail 3\!' = 2 / ( -- I V COS'/'- 

Ell \\i, 

If a and ^ are the semi-major and the semi-minor axes respectively, then 


i\) 




a + /> 

K/ ah -Il- 



ls) 


Case L Ect Er = lw<; /.c , amplitudes of the horizontal and vertical 
deflections be equal. From equation {4) we get 

tan 2^ — cv or = 

And equation (5) gives 

a/^ + /i/a= 2 /sill 0. 


* * Conic Section ’ hy C. Smith, p- 227 
f ‘ Conic Section ’ by C Smith, p. 240 
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Solving this quadratic equation for a/yS, we get 

^ -ian <t>i 2 or coifl z 

or 0 is the angle subtended at the end of one axis by tlie other axis. 

Thus the direction of the axes is fixed to be along 45° and 135'’ lines but 
the ellipticity depends upon the phase difference <p of the component oscillations. 

If 0 = 0, the ellipse reduces to a st. line aioni^ the /is'’ axis [a =3^ from (3) ]. 

If o<0<9o®, the ellipse lies in ist; and 3rd quadrants and changes from a 
St. line to a circle. 

For 0=«QO°, the ellipse becomes a circl^ 

For 9 o'’<0<i 8<)®, the major axis lies along the 135'’ axis and the ellipse 
collapses from a circle to a st. line [ \ +3' = ^ from equation (3)]. 

To change the major axis from the 45® axis to 135® axis, and for the ellipse 
to have the same shape, <p should change to 180 ±0. 

It will be observed that to deduce the value of <p from the shape of the ellipse 
0 is always the angle subtended by the axis of the ellipse along 135'’ at the end 
of the axis along 45”, provided the adjustment for 0 = 0 v\as a st. line along 45'’ 
(as assumed already;. 

Also, it is to be seen that the ellipse for li,. = K/, does not rotate but 
passes through a circle to the other axis, direction of the axes being always 
confined to 45” and 135^ lines. 

Case II, K,. and E;, are unequal, Et/Ea being supposed to be constant, 

then 

tan 2^^=2 008 0, 

E,. Fa 

and + I JV' Ji" )x ^ <5) 

' ' li, b/, / SUM' 

and the el)ip.se will rotate as well as chaii.ee sliape with changing values ol '/>. 

Let 

then tan jt/'* or tan /Ea* 

and a/i8 + /8/a = oo /J=o and a finite, 

showing that the ellipse is a st. line ; the line is inclined at an angiC tan ^(Eu/Ea) 
to the X-axis, As 0 increases from o to qo'’, cos 0 decreases from i to o, V' 
decreases from the value tan'MEe/E/,) to o, and the ratio of increases to a 
maximum, i.e,, to E«/Ea from o. Thus with the phase difference 0 increasing 
from o to 90 the ellipse rotates from the direction lan^’fE./EA) to the direction 



of X-axis, at the same time changing in shape from a st. line to ellipse with 
maximum /i/ Cl. As 0 increases from 90° to i8o°, cos 0 is negative and changes 

from o to ~i. yp will also be negative and change to ( — tan*'' Er/E/,) from o. 
Thus for constant value of Ef,/K/, the ellipse rocks about the X-axis through 
the limits ± tan” UE, /E a) and at the same time changes shape so as to be st. 
line in the extreme positions and fattest ellipse (maximum /?/«) in the position 

Case 111. Ea/E, variable, but (p constant. 

For E^/Kr changing from oc to i, tan 2^^ changes from o to ex, or 
changes from o to 45®. 

For E/,/E„ changing from i to o, \p changes from 45° to 90®. If then <p 
changes by 180° and the change in E/,/Ei) continues, the ellipse will undergo a 
complete rotation. 

To recapitulate we have arrived at the following results ; — 

(1) If the ellipse has the directions of its axes fixed to 45 ‘"*J 35 '^ axes, but 
it changes shape from a circle to a st. line along 45® or 135° axes, or vice versa, 
the amplitudes of the component oscillations must be equal but the relative phase 
changes and can be deduced by measuring the angle at the end of the axis along 
45® subtended by the axis along 135°. 

(2) If the direction of the major axis rocks about the X-axis, the ellipse 
becoming fattest when the major axis is coincident with X-axis and is a st. line 
at the maximum deviations from X-axis direction, then E, /Ea is constant but 0 
is changing values. 

If the ellipse rotates continuously, say, in the anti-clock wise direction, then 
K/,/Ei, is constantly decreasing when the ellipse is in the 1st and 3rd quadrant ; 
the phase difference <1* may also be changing. Holding ^ constant, however, 
Eft /Er, changing from ex to o, makes the ellipse to rotate from the X-axis to 
Y-axis, change in <p may help or retard the rotation according as the cos ^ happens 
to decrease or increase with lift /It,.* From a rotating ellipse which also changes 
shape it is ralher difficult to infer as to what is changing, Eft/E,., <P or both. In 
all likelihood, both may be varying under a certain set of practical conditions. 
It is, however, possible to undei stand the changes from a study of a number of 
instantaneous forms succeeding each other under experimental conditions. 

Interpretation of a particular form follows : — 

Eet OX and ()Y (Fig i, Plate VHj be the coordinate axes along which 
deflections take place. Let the ellii)se meet the axes of X in points X and X' 
and y in points Y and Y'. Draw a rectangle ABCD circumscribing the ellipse 
and having its sides parallel (Fig. 2) to the coordinate axes. Let it touch the 
ellipse in points A', B', C' and D'. It cuts the axes of X and Y in points 
A", C" and D" as show 11 in Fig. 2, 



CHAMANLAL 


PLATE VII. 



Fig. 3 

GSGoji 17.11/40 at 14-00 l.S.T. 
A 16-86 M J 81*1 FT: 
</>-26*8'' A -40‘' 
tf 7o-5 ' 


Fjg ■ 4 

GSFon 17.11.’40 at 21-3(1 l.S.T. 
A M82 M t/ 81*1 FT. 
1 ’^'^' A -40" 
o- 7'5'H 



Fig 5 

DJH on 17.11.’40 at 14-00 l.S.T. 
A -16*81 M d - 81T FT : 

«;» 27*8" A S4*4" 

<? 75 ‘4" 



Fig ; 6. 

Mo.scow on 26.11’40 at 21-00 l.S.T. 
A- 14*47 M d 81-1 FT : 

•f) -70' A 80*3" 

9^12'T 
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(a) To determine Kt /K/, : 

In equation (3) put .v = o, then OYpK, sm <; | 

next j'=o, then ()X«=Ka sin ) 

From (6) we have : K./E,, =()Y/OX. 


_Interrept cm ^'-axis 
Intercept on X-axis 

iv,/J';/.=OD"/OA" 


( 6 ) 


_ Maximum deflection along Y-axis 
Maximum deflection along X-axis’ 

As we know, that maximum deflections (OD" and OA") are proportional to 
E„ and E;,. 


(b) 


()Y 

oir 


sin 0 

K. 


= sin (j) 


similarly OX /( )A'' =sin 0 

thus 0 can be inferred. 

(c) In equation (3) put a = K/ : solving for y, we get y 


K, cos 0. 


A' A" _ Ordinate of the |>t. where x is mj^ximum 
A'' A Maximum ordinate of tiie ellipse 


— cos 0 

similarly D'D"/D" A = cos 0. 

Knowing 0 and Ep/Uh for a number of succeeding ellipses, we may be able 
to infer as to what changes and in what way. 

II — Study of the case ivhen a single incident ray is present. 

Eet A and B (Fig. 3) represent sections of the two parallel hori* 
axmtal aerials through their middle points. A uniform wave-front of 
any kind of polarization is proceeding downwards, in the plane of the paper, 
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Fig. 3 

the direction of propagation making an angle ^ with the vertical. A part is 
incident on B, and induces a voltage E proportional to Hu sin <»t where Hu is 
the horizontal component of the electric vector. The component of the vector 
perpendicular to Eu does not affect the aerial ; consequently the nature of 
polarization is immaterial so long as extraneous conductors and the vertical feeders 
do not play an important part in the pick-up. A change in polarization or rota- 
tion of the plane of polarization will only show up along with fading of the signal. 

A second ray reaches B, after reflection from the ground. It has undergone 
the following changes : — 

(1) The amplitude of the horizontal component has changed in the ratio 

I : A, where A is the coefficient of reflection. 

( 2 ) A sudden phase change ^ occurred on reflection. A and ^ depend on 

the nature of the reflecting soil. 

(3) A phase retardation (=4n- H cos OjX) due to path difference has taken 

place. H is the height of the aerial above earth. 

The effect of the reflected ray at B can therefore be represented to be 
proportional to : 

A Eh sin ( <of+ 

A 

== AEm sin (wf + x) 


, _ 4 ffH cos 6 




where 


A 
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i The resuitant voltage induced in B is therefore proportional to 

Kh sin \ A Ell sin (m/ -f x) 

— Efi A / 1 + 4 - 2 A cos X sinl i- tan"*^ — — \ ... (7) 

V A T + Acosxi 

Now consider the aerial A. It is similarly affected except that the influence 

takes place a little later than that on B. : 

i 

Path difference between the direct ray reaching A and that reaching B 
= AB sin 6=^d sin where AB = J. Henc^the directly incident ray induces a 
a voltage pioportional to : 

r' • ( . , sin ^ 
b.i, sinl ivt + - 5 

Similarly, foi the reflected ray, the indu(!ed voltage is proportional to 
AK,. 


The resultant is : 

h'li I + A‘^ + 2A cos X sinfoif + 


2Trd sin ^ . ^1 A sin x 

, 4- tan ^ 

A I 4- A cos X 


(S) 


Comparing (7) and (S), we see that, provided the nature of the ground is uniform 
in the vicinity of the appaiatus and it is level, phase difference betv\een the 
voltages induced in the two aerials depends only on the path inclination 0 and 
the distance apart of the aerials. The amplitudes of voltages in both depend 
only on the horizontal component Ku and upon the nature of the ground. 
Thus the amplitude of the induced voltage in either of the aerials should be 
equal. Hence Uh = Kr alvNays, if the gains are once adjusted to be equal. The 
ellipse should be with its axes along 45°"i35‘" axes and should change only its 

shape for changing 0 but should not rotate The phase diffeieuce = ^ 

A 

can be measured straight away by the angle subtended at the end of the major 
axis by the minor axis. 

We can have a single ray at a particular moment by transmitting short 
duration pulses from the transmitter, so that each component ray reaches the 
receiver at a different moment from the others. A multiplicity of ellipses will 
then be obtained, each ellipse corresponding to a definite angie of ariival (9. 

It may be noted that change in the nature of polarisation or a sudden 
Rhase.discontinuity or a gradual phase or amplitude change in the single incident 
ray will not make the ellipse to change its shape as the phase difftrence in the 
voltages induced depend only on tlie path inclination, . , 
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111 one experiment 7" square condenser plates# 7" apart, were used, and 
the plate current of the oscillating valves was 100 milliainperes, and the plate 
voltage 3000 volts, 

R ic S TT iv T s 

Any object (metal, clieletric or electrolyte) produces a deformation of the 
field, and the nature of the deformation depends on the material. I^ow 
resistance materials attract the lines of flow to themselves, thereby, either 
strengthening the field through a given space, or weakening it, depending on 
how they are oriented with respect to the given siiacc. If a needle is intro- 
duced into the field, the lines of electric dis]>laccTncnt arc concentrated near 
the pointed portion ; tin’s causes consklerahlc healing of the material surrounding 
the needle. This introduces a source of eiror when lliennoconplcs arc used for 
measurements in such fields. 

An elongated ellipsoid, of dielectric constant 80, is placed in the field. If 
it is placed with its longer axis perpendicular to the plates of the condenser, the 
intensity within it \a as nearly that of the field. If it is placed at right angles 
to its previous position, it is found that the intensity w ithin the ellipsoid is only 
4\)-th of what it was before. This shows clearly the important factor of the 
position and orientation of the object with respect to the field. 

Tines of force, that enter a dielectric surface perpendicularly, go straight 
through. But, if they strike at another angle, they are refracted. In the 
case of a glass tube filled with the white of egg the way the lines of force 
are deviated is shown in the figure. In Fig. t, for purposes of 



Fig. I 

better comparison only the upi)er half of the glass tube is supposed to be 
filled with the dielectric, the lower half l>eing empty. The low'cr half shows the 
normal lines of force while the upper half shows the effect of the dielectric. 
Coagulation of the egg albumen iK^gins at A [Fig. 2(a)], then spreads quickly 
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to B, then slowly to C while the ends of the tube remain cool. F is the 
funnel for filling and expansion. The explanation lies in the fact that addi- 
tional lines of force from the total area of the electrode surfaces enter the tube 
along its whole length, from all sides, and so, increase the density of the lines 
of force at the centre. Removal of one electrode to a greatei distance, or a 
change of size of one clectrotlc, produces ojily a slight change in the site of 
the primary coagulation. Change of wave-lfength or of the intensity does not 
produce other behaviour except with respflfct to the time of coagulation, owing 
to the different intensities of the energy. 'I'his experiment shows the tendency 
of dielectrics to attract the lines of force, 1 to refract and to conduct them, to 
produce diffeieiil den.sities of energy at diflfeiviil distances from the electrodes. 

If the two plate-clectrodes ate place<l in inic plane, as shown in Fig. .>(1)), 
co.agulation of egg alhumen in a flat dish o^« ins within centimetres mulei oi 
above the electrodes, starting between the': electrodes. 'I'he coagulation forms 
quickly, but only near the electrodes’ interspace ; there is no deep effect. 

If the condenser plates are small enough, heat bands can be obtained in 
the interposed material. The field strength F^ is distributed in a fairly uniform 
manner under the electrodes, but outside them, its value falls off quickly. The 
production of heal at any point is proportional to the square of the field strength 
at the point, and the actual formation of a heal bund depends on this relation. 
Now, since a longer time of heating will equalise a temperature gradient more 
readily than a shorter one, the inoduction of local heat bands is associated rvith a 
rapid .supply of energy, and this is supported by the fact that relatively long 
waves should always be used tor the production of heal bands. 

The efficiency of the sui)ply of energy to a body in the field may be said to be 
equal to 

the energy abso rbed by the body ^ 
the total energy input 

The denominator is measured by a wattmeter in the input cinuit. To mea.suie 
the heat delivered to the suhstauce, a calorimeter filled with an electrolyte of 
known specific resistance is used in the field. A preliminary test on the empty 
calorimeter is also made, in order to determine the amount of heating caused 
by its exposure to the field. A thermometer is not inserted into the solution 
until after the high frequency has been shut off, for the field will consider- 
ably affect the thermometer. It is found that roughly 20 % of the available 
oscillatory energy enters the object between the plates. 

EXPERTMENTS to show the sbeective heating 
E F F' R 't' IN CONDENSER R I E 1/ D 

In the following experiments, two six-inch condenser plates were used. An 
8.nietre waye with about aoo watts output was the source of energy. 
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(a) The condenser plates were placed I*' from the sides of two concentrically 
placed beakers separated from each other by an air space, and kept in position 
by corks. The waves penetrated the glass of the beakers and lighted up a 
neon bulb in the interior of the inner beaker. If now the annular space 
between the beakers was filled with tap water, the neon bulb did not light up. 
The water gets heated, and appears to act as a shield to the waves. 



(M Three beakers are mounted concentrically as shown in figure 3. 
The space A coutain.s 84 ounces of tap- water, B contains air while C contains 
2 ounces of tap-water. The space A is broad, B is J'' broad, and the dia- 
meter of the beaker i.s il," . The temperature of the water at the beginning of 
the experiment is 25°C. After exposure in the condenser field for 10 minutes, 
the tempeiature of the water in A rose to 2S°-5 C., that in C remained at 25' C. 
Now the experiment was repeated with C filled with a three percent solution of 
potassium permanganate. The following results were observed : 


'i'inic in minutes \ 


c 

KMN()4 

r 

i) 1 

24 ^ 6 C 

23* -.sC 


5 i 

26Vo C. 

23 ’-s t:. 


1 

10 ! 

2S’.u C. 

23’.8 C. 



The slow rise iu the temperature of C may Ire due to radiation from A. 

Next, B was also filled with tap-water, and the experiment was repeated, 
with the following results : 


Time in minutes 

^H20 


c 

KMN 04 

0 i 

as'.o C. j 

as'.oC. 

24" .5 C. 

2 

35*.3 C. j 

2 s'. 6 C. 

37'.3 C. 

5 

25*.9 C. 

26*. 5 C. 

3i‘.5 C. 


The water in B heated up more than the water in A due to radiation and 
conduction from C. The solution in C is seen to be selectively heated. 
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(c) In this experiment the beaker C has if ounces of the solution, the test- 
tube B has a diameter of and is 6" long ; the test-tube D has a diameter 
•ft® and is 2® long. Both the test tubes have the solution of perman- 



ganate. The height of the solution in iJ was 4^", and that in D, 2®, 
the levels of the solutions in C, B arid D, were below the level of the 
water in A. The beaker A was 4^® in diameter, and the test-tubes will 
be away from the wall of the beaker A distance of half an inch separated 
the beaker A from the condenser plates which were placed directly opposite the 
test-tubes. One would expect D to heat up most ; actually it heated up least. 
One would also expect C to heat up least and B to heat up more than C, since 
it has a smaller quantity of liquid. The following were the results obtained. 


Time in minutes 

1 

- - 1 

n 

C 

D 

1 1 ' 


1 

22".5 C. , 

5 C. 

22 ^5 C. 

5 ' 

-7/. 5 i 

2 .S",o C\ ! 

C. 

26^.5 

10 

25 -- 5 C. j 

C. 

33”*'* 

27*..) C. 


These unexpected results show the effect of cross-section on the heating 
values. C heats up most because it has a diameter greater than B or D. 

(d) A capillary tube running parallel to the plates is attached at the middle 
of a larger tube placed perpendicular to the plates, and both are filled with 
solution. The contents of the capillary do not heat up at all. If, however, the 
same capillary tube be attached to the end of the larger tube, the contents of 
the capillary tube boil. 

(c) Two tubes of different diameters are arranged concentrically and the 
middle tube has 0*2% solution of sodium chloride, while the outer tube has wax 
of low melting point. On applying a condenser field, and choosing a suitable 
wave-length, we can heat the middle tube with its solution without heating the 
wax. Thus this experiment shows that we have a means of producing heat 
under controlled circumstances, from within to the exterior of a body. 
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C/)' In this experiment, 12 sheets of unglazed cardboard, each i niiii. thick, 
g" long and 6" broad, are in the condenser field as shown in pig. 5. 
I'he condenser plates tvere I" away from each side of the bundle. A meter 
reading gave 5000 niillianiperes as a measure of the floating energy in the homo- 
geueuiis field between the plates. The cardboard sheets get heated all the way 



Fio. 5 

through. The diagram 5(b) shows the same bundle as in 5(a), but with the four 
central sheets moistened with 0-7% sodium chloride solution. The meter reading 
was now 3600 m.a. only. This shows that tlie rest of the energy has been 
absorlred in the better conducting part of the non-homogeneous medium. The 
w'aves used had a wavelength of 9.5 metres. 

.S O M S P E C T P I C R F F F, C 1' R (t I' A R H O R 'P \V A A’ li 
CONT>FNSKR IMKI, D 

(a) An emulsion of potassium hydroxide aud paraffin oil, when exposed to a 
field, gives off steam after a time, while the temperatnre of the paraffin is only 
between 50 and 70° C. Carbon particles in the form of graphite heat up to the 
glowing point even when sustJended in a liquid. These experiments show that 
the condenser field is capable of acting on the smallest particles in the field in 
preference to the surrounding medium. 

(b) To an emulsion of animal charcoal and water, a small quantity of ether 
is added. In a condenser field one observes minute sparks in the emulsion. The 
ether adsorbed on the toal particles forms an insulating layer around them, 
between which are created strong tensions. This results in the sparking 
observed. This experiment shows that strong ten.sions may be developed in the 
interior of substances by the action of a short wave condenser field. 

(c) Similar effects appear w'ith colloidal particles. Electric charges on 
colloidal particles may sustain displacements through the forces of the condenser 
field. As the characteristics of colloids, especially the hydration of hydrophile 
(;olloids, depend to a great extent on the strength and distribution of the 
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charges, changes in these peculiarities may be pi od need. These manifest Ihcm- 
selves as changes of the electrical peculiarities, especially the capacity for conduc- 
tion for high frequencies and the dielectric constant. 

(d) Some chemical effects, such as the decolorisation of Pinocyanol, are 
also observed. Among other specific effects may be mentioned change of surface 
tension of solutions, and change in the structure of a membrane which may 
form on the surfaces of suspensions. Th^ influence of the field depends on 
whether the field is normal to or runs parallel to the surface. 

THE OPTIMAL H E A T I N G E F 1 ' E C T 

If an electrolyte, say, a solution of salt is placed in a short wave condenser 
field, it is found that the amount of heat pr(^uced in it depends on the wave- 
length. The heating effect is a maximunii for a particular wave-length, and 
decreases for longer or shorter wave-lengths. This optimal heating effect is connec- 
ted with the specific resistance of the electrolyte and its dielectric constant. 

dp 

The relation is given by the formula .\»,=£ 5-, where A, « is the wave-length 

o X 10' 

in metres for maximum heating, d is the dielectric constant and P the specific 
resistance of the solution. 

The following experimental results give an approximate verification of the 
above formula. 

With a 7- metre wave, the maximum of heat was produced in the following 


lolutions at the concentrations indicated. 

Copper suli)hate 

• 0,35% solution 

Zinc sulphate 

... 0.35% 

Magnesium sulphate 

... 0.3 % ,, 

vSodium chlori 3 e 

... O.I % 

Potassium iodide 

... 0.25% 

Hydrochloric acid 

... 0.02% „ 

With a 15- metre wave, the following results were obtained : — 

Copper sulphate 

... 0.15% solution 

Zinc sulphate 

... 0.15% 

Sodium chloride 

... 0.05% „ 

Potassium iodide 

... O.I % „ 

Hydrochloric acid 

... 0.01% ,, 


In each case, the rate of heating falls ofl abruptly with diminishing concen- 
trations, and more gradually with increasing concentrations of the salt. 

In order to study the heating of substances under identical physical condi- 
tions. the following was designed. The vertical metal rod of " kymograph was 
extended by a rod of hard rubber and, on the unper end, a cardboard disc with 

10—1387? — IV 
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6 holes was fastened in which 6 tubes were held. These tubes contained many 
diflfereut electrolytes. An alcohol thermometer graduated to ^ degree was used. 
This apparatus was rotated between two condenser plates 5" x 7", at a speed 
low enough to enable readings of temperature to he taken for 10-30 minutes. 
The temperature-time curves appeared straight for a certain range but the 
steeper curves showed a tendency to flatten out after several minutes indicating 
heat loss by convection and radiation. The flatter curves tend to bend up 
suggestii.g indirect heating from the hotter tubes. Only points from the straight 
part of the curve were used for the evaluation of the subsequent results. 

The table gives the values of the specific resistance, for the substances used in 
the 6 tubes : — 


Substance 

1 

Specific Resistance in ohm /cm. 

Distilled water 

220, i>( »( > 

Colloidal gold, dialysed 


Colloidal gold, undialysed 

1 ,240 

Gelatin 

250 

1 physiological saline 

] 8 o 

Physiological salitic 1 

7 ' 


Fig. 6 shows the curves discussed above. 



Fig. 6 
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Equal volumes of the above substances were exposed to the field of 3.5, 7, 
and 15 metres, lu turn. The intensities were regulated so as to produce similar 
heating on an average. In order to eliminate as far as possible, the influence 
of the variations in the energy output iu the field from oue w.ive-length to another 
wave-length, all the figures can be referred to one standard, for example the heating 
of distilled water. In Fig. 7, the heat values at five-minute exposures have 



Fig. 7 

been .selected as representing the part of the curve which is not influenced by 
the heat conductivity. The ordinate represents the ratio of the heating of each 
substance to that of the water. Therefore the water figure is always unity. It is 
evident from the graph that for gelatin and undialysed colloidal gold, a wave- 
length of 7 metres is optimal. 

Thus the heating rate of solutions of widely different salts under the same 
conditions is alvrays identical when the electrical resistances were made the 
same by suitable selection of concentrations. Also, for any wave-length there is 
certain concentration for maxinnirn heating. As the wave-length decreases, this 
maximum shifts to more concentrated solutions. 

The heating depends on the electrolytic ions of the salts in the solution. 
Let us explain how this heating has maxima varying with concentration, and 
with orientation in space, of the substance. We picture solutions and suspen- 
sions as having electrically controllable particles. These migrate under the 
influence of a steady potential difference. They may be ions, molecules, colloids 
and even suspended matter. Undissociated salt molecules, and those colloidal 
particles whose natural charges are neutralised by ad.sorption of ions or of 
oppositely charged colloids are the exception to the general rule of electro- 
migration and ionopboresis. By applying the static field at a given alternating 
frequency, we periodically induce electric charges which should call forth their 
counterparts at the extremities of the conductors in the vicinity.' The point 
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is that, in any case, this polarisation may be produced by either many ions 
moving a little or fewer ions moving more. When the e.m.f. is applied, as in 
the condenser field, the static state of equilibrium should be reached in a time 
proportional to the concentration of the ions. The heating effect is a measure 
of the work done in the solution in answer to the induced charges, and this 
work is a movement of the ions or the mobilised particles. For maximum 
heating, this work must be carried on during the whole of the half-cycle. If 
the frequency is so low that the induced charges build up equilibrium in a 
small part of each cycle, then there will be idle time within the cycle without 
heating. If, on the other hand, the resistance is too high (too few ions', the ions 
cannot build up the equivalent induced charge within a half-cycle and the 
energy used or the heating will be less than the maximum. Finally there w ill 
be one concentration for any given frequency in w hich the time period will be 
just sufficient to cause the ionic motion to be continuous during the entire period, 
and this will correspond to the maximum heat for that frequency. 
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THEORY OF THE VARIATION OF THE RESISTANCE 
OF A THERMIONIC VALYE WITH FREQUENCY 

By S. R. KHASTGIR, D.^. (Edin.), Mem.I.R.E. 

{Received for piihlkai^n^ April 2 j, ig^i) 

ABSTRACT Experiments of Mitra and Sa, performed some years ago, on the variation 
of internal resistance of a thermionic valve with frequency, showed that the internal resistance 
decreased gradually with the decrease of frequciK^’ in the high frequency rang<‘. With further 
decrease of frequency, however, they found thiit the internal resistance of the valve* was 
practically eonstant These ineasuremeiits n ere recently extended to the lower fretiuency 
range by Kaineswar Rao in this laboratory, v^tarting from a high frequetio it was found, in 
substantial agreement with Mitra and Sil’s results, that the internal resistance dccf eased 
steadily with the decuofic of frequency, and that w’ith further decieasr of frequency, the internal 
resistance of the valve increased quite ])erceptively and steadily. 

Mitra and Sil’s theory of the variation of the resistance of a thermionic valve with 
frequency could very well explain the experimental results in the high fre(juency range but 
it ('annot explain the observed ih(reasc of internal resistance of a valve with the of 

frequency in the low frcfiuency range. 

In this paper an attempt is made to explain the observed variation of the internal 
resistance of a thermionic valv e with frccjiicncy over a 7eidc range of frequencies. While 
accepting Mitra and Sil’s fundamental ideas as regards the coniluctivity of the valve due to 
the convection current, we have taken into ac(‘oimt the conductivity arising from the displace* 
ment currents in interpreting the experimental results on the internal resistance of a thermionic 
valve. 


An approximate mathematical theory of the variation of the internal 
resistance of a thermionic valve with the frequency of the field had been attempted 
by Hartshorn^ some years ago. He showed that the internal resistance of a 
valve at very high frequencies when the displacement current would contribute 
almost entirely to the conductivity of the valve, should be slightly smaller than 
the value at very low frequencies, when the displacement current would .be 
negligible and the voltage-gradient across the valve would be determined solely 
by the thermionic convection current. Later, Mitra and Sil worked out a 
theory of the variation of the internal resistance of a thermionic valve with 
frequency and showed that their exi)eriinental results on the internal resistance 
of a valve were entirely at variance with Hartshorn s theory. Assuming a 
Maxw^ellian distribution of velocity of the electrons inside the valve they calculated 
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the time of flight of the electrons making certain simplifying assumptions and 
approximately obtained the values of the conductivity of the valve for different 
frequencies. These values calculated on their theory agreed well with those 
obtained by them experimentally in the high frequency range. Some measure- 
ments of the internal resistance of a valve were subsequently carried out by 
Kameswar Rao^ in this laboratory over a wide range of frequencies. Starting 
from a high frequency it was found, in substantial agreement with Mitra and 
Sils results, that the internal resistance of a valve decreased gradually with the 
decrease of frequency. With further decrease of ficquency, howexer, the internal 
resistance of the valve vvas found to increase gradually. This latter result of 
Rao which has also been recently confirmed by a different method cannot be 
explained according to Mitia and vSil’s theory. 

The object of the present paper is to explain the observed variation 
of the internal resistance of a therniionic valve with frequency over a wide range. 
While accepting Mitra and Sil's fundamental ideas as regards the conductivity 
of the valve due to the convection current, we have taken into account the con- 
ductivity arising from the displacement currents in interpreting the experimental 
results on the internal resistance of a thermionic valve. 


Mitra and Sil assumed that the electrons emitted from the cathode have a 
Maxwellian distribution of velocity. On applying an alternating field, the 
electrons are set into oscillatory motion which is super-imposed on their original 
Maxwellian velocity. It is possible that under the influence of this field, for 
one half of the alternation, the electrons will be able to strike the anode of the 
valve giving up both their kinetic energy and charges. For just reaching the 


anode under the applied field of frequency 



at the end of the interval 


T, 


there must be a critical velocity vq with which the elcclrons must be moving 
initially. All the electrons which have been moving with velocities greater 
than this critical velocity Tq at the instant when the field has begun to act would 
also reach the anode within the interval T. The conductivity for a particular 

frequency would then be proportional to ) where n is the number 


of electrons having velocities w'ithin the range iq to cv and reaching the anode 
surface within the time interval T. 


Now with a Maxwellian velocity distribution, the number dN of electrons 
per unit volume having normal velocity components between v and + is 
gix'en by 




*> 

mv" 

afeT 


e 
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where N is the number of electrons per c.c., T the temperature of the emitting 

cathode, fe = Boltzmann’s const, and »w = the mass of an electron. Thus the 
number of electrons that escape from unit surface in unit time is 

mv^ 

y ' dv 

wv'f) 

(.) 

If x is the distance between the anodej and the cathode and / the frequency 
of the applied field, then the initial velocity Uo vvith which the electrons would 
move to reach the anode (after an interval time corresponding to the frequency) 
would be given by 

Vo = 2xJ, I 

Thus (i) can be written as 

« = f2) 

It is therefore evident iroiii (2) that the conductivity of the valve would decrease 
gradually with the increase of frequency. This conclusion is based on the 
supposition that the electrons in the inter -electrode space move only in the 
positive diu'ctioii, I'.c., towaids the anode surface- Considering the electrons 
which move inward towards the cathode and which may reach the anode under 
the influence of the positive field developed between the grid and the cathode 
due to the impressed c-m.f., Iietween the grid and the plate, Mitra and Si] found 
on calculation that for time-intervals greater than tlial corrc.sponding to 36 metres, 
the numbei of electrons reaching the anode under the action of applied E.M.F. 
remained unaltered. Thus according to their calculation the conductivity should 
be independent of frequency for frequencies lower than that corresponding to 
36 metres and it W'ould decrease gradually with the increase of frequency 
only in the range of the higher frequeiuies. 

This latter part of the calculation does not, however, apply to the experi- 
ments, where the anode is given a high voltage with respect to the cathode so 
that practically a// the electrons move towards the anode. Theoretically, therefore, 
we would expect a continuous decrease of conductivity with the increase of 
frequency even for the lower frequencies. I'here is, however, an important factor 
w'hich should be taken into consideration. In the Maxwellian distribution of 
velocity, there must be a lower limit m© which is the velocity component normal 
to the surface necessary for the electrons to escape from the cathode. In that 
case it is evident that the numt)er of electrons reaching the anode will assume 
a constant value, when the frequency (1/2T) is reduced to such an extent that 
the initial velocity of the electrons which would carry them to the anode in time 
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T becomes the same as i<o* According to this klea^ therefore, the conductivity 
of the valve would remain constant for frequencies lower than a certain value 
corresponding to the limiting velocity mo of the electrons. This limiting 
velocity uq would be given by 


300 


=iJhjuo 


wliere <l> is the work function (in volts) of tlie material of the cathode and e and in 
arc the charge and mass of an electron. The frequency corresponding to the 
limiting velocity mq would then be given by 


/o — 


I 

I OX' 




6m 


... (3) 


where the inter-electrode distance x is equal to 



The conductivity arising from the convection current only has been 
considered so far. We shall now determine the conductivity due to the disidace- 
ment currents which can only be neglected for extremely low frequencies. If 
V is the sinusoidal i)oteiitial difference across the anode and the cathode, and H 
the electric field intensity at a point in the electronic mediuin of dielectric 
constant inside the valve then the displacement current-density would be 
given by 

’ zzz -1- — 1^1 

^ 47 : dt 47r dt ) 


For low frequencies when all the electrons having velocities from uq to 
cx) would reach the anode, there would be no space charge, so that the voltage- 
gradient at any instant would remain constant. We can therefore write 


Ui' . . 

— sin o>t, 
dx 


where a is a constant and w the angular frequency of the voltage. 
Thus 


la ~ wa cos ciit = A cos o»t where A ~ 

4 /T 477 

Consider now a smail cylindiical element of the current-path betw^een the anode 
and the cathode. Let the length of the element parallel to the direction of the 
current be dl and the cross-section perpendicular to the current path be da. If 
(Ta is the specific conductivity due to the displacement currents, the power 
dissipation in this small element is given by 
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when averaged over one cycle, the power dissipation in the clement is 
dV- . = .(dl.da). 

2(r^ 

The power dissipation can also be written as 

dP = <rrf. Ra. dl. da=<r,. {dl. da) 

2 


... (4) 


since li = 

Hence from (4) and (5) 



a sin to/. 


A fe. M * 
a 4TC 5 


( 6 ) 


We know, however, that the dielectric constant e of the electronic medium 
increases with the increase of frequency. It was shown by Khastgir and 
Chowdhury*^ that the value of (1 “^) varied inversely as the square of frequency. 
Even if e were regarded as constant, the conductivity tr,, due to the displacement 
currents would steadily increase with the increase of frequency. When the 
frequency exceeds the limit defined by (3), it should be remembered that the 
conductivity due to the convection current would no longer remain constant 
but would begin to decrease steadily with further increase of frequency. The 
experimental results on the conductivity of a valve for a wide range of frequencies 
can therefore be explained. 

It will be interesting to obtain from (3) an approximate estimate of the 
frequency w^hich corresponds to the limiting velocity Uq of the electrons from 
the cathode. Eet us take 0=1 volt for the oxide-coated tungsten cathode. If 
now the inter-electrode distance a be .3 cm, the frequency /o vvill be about .3 
megacycles, i.e,, the wavelength will be about 30 metres. If a = .5 cm. the 
wavelength will be alTout 45 metres. Rao's experiments with a Telefunken 
valve showed that the turning point in the conductivity curve occurred at about 
t6oo A’c., t.c., when the uavclength was about 180 metres. The observed turning 
point therefore appeared definitely at a lower frequency than what would be 
expected from (3). The equation e<p-lmuo from which (3) is derived is, however, 
based on classical ideas. The results should be reviewed in the light of modern 
views of electron emission from metals. 


Dacca University 
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PROPAGATION OF SUPERSONIC WAVES IN LIQUID 
MIXTURES AND INTERMOLECULAR FORCES* 

1 . ALCOHOLS IN WATER 
By ram PARSHAD, M.Sc. 

(Received lor puVHcaiim, April ig^m 

ABSTRACT. In this paper is reported measurements on supersonic velocities, and com- 
pressibilities of mixtures of alcohols and water. Hipme quite new results are obtained The 
velocity concentration curves show maxima an<t coii pressibilitv concentration ('urves show 
minima. 

For the first time the theory of nnlecnlar f rce fields ha^ been apjdied to sound piobloms 
and is first shown why the compressibilities arc always lo^er tlian expected in ideal cases and 
later quantitative treatment is ^iven whereby the percentage of the mixtures for minima of 
compressibilities is calculated. 

In the case of methyl and ethyl alcohols in water the a)?reement between theory and 
experiment is good, whereas in propyl alcohol-w'ater mixture there is a signifiaant divergence 
between the two values. This divergence has aho been explained. 

The basic idea employe. 1 in the above treatment is that though b tli alcohols and waltr are 
associated liquids, but when they are mixed, thev destory each other’s associations and a 
random motion and distribution of molecules prevail, 

I N T R (.) D IT C T I C) N 

The case of liquid mixtures is an important study in theory of liquids. 
Much work has been and is being done in various branches, dielectric 
polarisation, heat of mixing, solubility, partial pressures, infra-red absorption 
spectra, hut as yet we are far from any final solution of the problem. The 
determination of velocities and hence the compressibilities of the mixtures is 
expected to throw' appreciable light on the state of cohesion as a function of 
molecular fields' of liquids and also the structure of molecules as derived from the 
resulting inlerniolecular action. 

Wilson and Richards ^ and Parthasarathy ^ have reported some observations 
on supersonic velocities and compressibilities of mixtures* without, however, 
any basic attempts at an explanation of their results. 

We report, in this paper and in the following ones, investigations on 
various classes of mixtures. Some very new and interesting results have been 
found. In mixtures of alcohols and water there are maxima of velocity and 
thinima of compressibility. In other mixtures have been found minima of velocity 
and points of inflection. 


* Communicated by Indian Physical Society, 
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In this paper and the succeeding, attempt is made to explain and discu ^ 
the results obtained by the author as well as those obtained by other workers. 

EXPERIMENTAL 

The well-known Debye-Sears method of diffraction of light by supersonics 
which has been set up in this laboratory by Dr. A. K Dutta was employed to 
find the velocities. The green light of 5460 A of mercury was used and the 
supersonic vibrations as obtained by means of a quartz crystal of frequency 
3 y 10^ cycles connected to the output of a suitable valve-transmitting circuit 
were used to produce the diffraction pattern. The quartz was always immersed 
in a constant liquid (xylol) and the vibrations to the liquid under investigation 
were transmitted through a mica window. 

(ireat care was taken in temperature control. Round the vessel containing 
the liquid-mixtures and the oscillating quartz immersed in the xylol bath, was a 
water-bath, which was stirred continuously by a motor-driven stirrer and this 
bath contained a thermostat to keep the tejnperature at any constant value above 
the room temperature. The temperature w^as read by means of a mercury 
thermometer graduated to tenth of a degree. The maximum departure in rare 
cases from the constant value might be taken as .05°C, which however is far 
below the value which might in any way tend to vitiate the results. In general 
the maximum departure was .02°C. The spectra were photographed and measure- 
ments were made by means of Hilger comparator, reading accurately to io~^ ems , 
of as many orders as possible and then the length of separation of the first order 
was deduced. 

Two independent observations were taken for each mixture and in each 
observation three photographs were taken. The absolute velocities in the 
mixtures were found by comparing w^ith the velocity in water. The velocity 
in water at the paticular temperature was taken from a graph plotted from the 
values of velocities at different temperatures for water taken from Handbuch 
des Kxperimental-physikf Vol XVII. 

The velocity in any mixture was then found very simply by 

V IP dfn 

where is velocity in w^ater, 

V,,, „ any mixture, 

dw is length of separation of ist order spectrum in water, 
dm is length of separation of 1st order spectrum in the mixture. 

The adiabatic compressibilities of the mixtures w^ere found from the relation, 
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where V is velocity in centimetcres per second* 

P is density in gms. per c.cm.., 

is adiabatic compressibility in absolute units. 

EXPERIMENTAL RESULTS 

Table I 

Liquid Ethyl Alcohol and Water 


Temperature 32°.6oC 



! Yolnme % of 

Density 

Velocity 

Adiabatic 

No. 

alcohol in total 

‘gm./cc.) ’ 

(metre per sec.) 

compressibility 


of mixture 



X lo" " 

I 

o 

•995 

1508 

44-2 

2 

lO 

.987 

i 1557 

, 41.8 

3 

25 

.968 

1606 

40.1 

A 1 

so 

■92.>r 

1508 

47.6 

5 

75 

.862 

1334 

65.2 

6 

9<> 

.8iq 

1225 

81.4 

7 

IOC) 

1 

.782 

1138 

08.8 


Table II 

lAquid Methyl Alcohol and Watei 
Temperature ab^'.ooC 



Volume % of 

Density 

Velocity 

Adiabatic 

No. 

alcohol ill total 

(gni. cc.) 

(metre per sec.) 

compressil)ility 


of mixture 



X 10* 

I 

0 

.996? 

1500 

44-59 

2 

18.6 

.9700 

1563 

42.25 

5 

32 -55 

' .9508 

1573 

42.47 

'1 

46 .S 


153 J 

46.10 

5 

6s I 

8S79 

1423 

55-58 

0 

1 80.55 

i . 849 ^^ 

^305 

69.11 

7 

1 ” 

I .8021 

1153 

93 65 


Table HI 

Liquid Propyl Alcohol and Water 
Temperature 26°.ooC 



Volume % of 

; Density 

Velocity 

Adiabatic 


No. 

wa^r in total 
of mixture 

’ fingms./cc.i 

(metre per sec.) 

i 

- 1 

compressibi li ty 

X io~** 


1 

50 

! -9241 

1 

3459 

50.86 


2 

6c^ 

! -9417 

1502 

47.11 


3 

70 

9'.88 

X552 . 

43 28 


4 

So 

! -9749 

1592 

40.46 


- 5 

9^* 

1 -9855 

1558 ! 

41.82 


6 

100 

1 -9968 

1 


4450 


2— 1387P— V 
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atom, that this second electron begins to move in phase with the first, and as 
result attraction ensues. 

The specific formulae for this mutual interaction energy, giving its 
numerical value, have been calculated for a very small number of only simple 
atoms or molecules, notably helium. The formula in its simplified and approxi- 
mate form is 


K- 


4 



where is interaction energy, 
a is polar usability, 

R is distance between two interacting molecules, 

V is excitation potential and may be taken as the ionisation i)otcnliaI. 

For two different molecules 

p 3 

4’ R® ’ 

Induction forces : — If one molecule is unsymmelrically charged, / c., is a 
permanent dipole, then the field produced by it on another molecule or part of it 
so deforms its electronic configuration that it becomes an ‘ induced ' dipole of 
magnitude M— -aF where F is the field of the inducing molecule and a (a cons- 
tant) is the polarisabilily of the induced molecule. The approximate formula for 
interaction is 


where is permanent dipole moment of the molecules. 

If the two molecules are dissimilar of moments fii and /xy and polarisabilities 
and then 

Orientation or Keesom forces : — Two tnolecules haviriK perniatient dipoles are 
so orientated under their mutual action that iheir potential energy becomes nega- 
tive, i.e., they tend to attract each other. The formula for the potential energy js 


and 



s 


R« 


RT 


for A'T» 




ii= 


for 


R* 


»jbT 
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where K is Boltzinanirs constant and T absolute teniperalure. For unlike inole- 
cuies of moments /^i and fx^ the corresponding formulae become 


3 


R’* 


Now it is clear from the above formulae that all the type of forces are ex- 
tremely short-range ones. In liquids, theteforc, where the distance among the 
atoms of different molecules are comparable to the length of dipoles, it is mis- 
leading to think of Keesoin forces in tennis of the total dipole moment of a 
molecule or molecules. It is imperative to consider the individual dipoles of a 
molecule, their moments and their positiops with respect to the whole molecule. 
For example in fj-dichlorobenzene, the net dipole moment is zero but actually there 
are two strong dipoles e — d which will plgy an impoi taut part in intermolecular 
forces. 

Again, ethers, esters, nitrobenzene are ^1 polar having quite large moments 
but still have not much Keesom energy due to the dipoles being effectively 
screened. In alcohols the O — H dipole has a dipole moment of i >D bniich 
less than of nitrobenzene 4 D) and is on the surface of the molecule. Due to 
these reasons alcohols have large Keesom or orientation energy and in fact their 
pronounced association is due to the great activity of their dipoles. 

In water, tlie dipole energy contributes nearly the whole of energy due to 
the special structure of its molecule. The molecule has two dipoles, open on both 
the sides for strong intermolecular action. 

Cohesive energy and comptessibiWy * — It can be seen from simple consideia- 
tions that cohesive energy and compressibility are inversely related. 

The kinetic energy of molecules due to temperature tend to make the mole- 
cules fly apart, while the cohesive energy tend to knit them as close as possible. 

(Note . — We will neglect the repulsive energy which has also been recognised, 
due to it being an extremely short-range one, / c., falling off with about nth or 
1 3th power of the distance.) 

The molecules wdll come in a dynamic equilibrium position wheic the 
potential energy is minimum. The greater the cohesive energy the nearer the 
molecules will be in their equilibrium position. Since the cohesive energy falls 
off inversely as the distance, in fact with inverse sixth powei of the distance, the 
nearer the molecules in equilibrium the more rapid will the energy change on 
either side of this position. This indicates that the higher the cohesive energy 
the more difficult it will be to move a molecule from its equilibrium position and 
accordingly the compressibility will be low. To put it in other words, the higher 
the cohesive energy, the higher the internal pressure, and from this view^ point 
the compressibility naturally becomes small. 

In fact, Bridgman * has actually found that liquids of high cohesive energy, 
t -g., for glycols, and glycerols (due to their independent UH dipoles) the com- 
pressibility is extremely small. 
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COMPRESSTBIIvITY AND NATURE OF MIXTURE vS 

If the two unlike molecules are otherwise similar in shape and structure, the 
compressibility change with change in the composition is expected to fall along 
the graph for the ideal law for mixtures, i.i\, all the points on the graph represent- 
ing the compressibilities of the different compositions of a mixture will lie on the 
straight line joining the two points corresponding to the compressibilities of the 
two pure liquids. 

The depaiture from the ideal case can occur in the following cases: 

(i) The molecules have very different shapes, so that the forces between them 
cannot be taken as tlic average or geometrical mean of the forces bclween like 
molecules. 

f j) The two unlike molecules break up the associations that were present in 
the inire liquid, or form associations of their own. 

(3) The two liquids have different magnitudes of contributions to the different 
kinds of energies making up the total cohesive energy, in a mixture of polar 
and non-polar liquid. 

In the present state of knowledge of molecular forces which is very approxi- 
mate, it is not possible to treat our problems quantitatively except in a few special 
cases, the case of alcohols and water in this paper. 

MIXTURE OF ALCOHOLS AND W’ A T E H 

As has already been mentioned, both alcohol and water molecules have C) — H 
dipoles and their positions with respect to the shape of the molecules is such that 
their field is very great for intermolecular action. Due to their active dipoles, the 
two liquids in their pure forms arc highly associated. It is more so in water than 
in alcohol due evidently to there being no chain as in the latter. The existence 
of association has been directly shown by infra-red absorption si)ectra, 
by dielectric polarisation measurements** and by X-ray measurements.*" 

Now any associated group will have its component molecules so orientated 
relatively, that their net dipole moment for outside field is very small, tending to 
zero. The associated group will be well knit up in itself, difficult to break up., 
and there will not l^e much interaction energy among the different associated 
groups. In sound wave propagation it is the associated groups as a w hole that 
move to and fro, and so the compressibility measured in our case is that related 
to cohesive forces among the associated groups as a whole and also among those 
molecules which are free. If the associated groups are broken up by some means, 
the individual dipoles will be free creating a strong intermolecular field and low 
compressibility. 

Now as water and an alcohol are mixed, the associations in both the liquids 
are broken up and there prevails random distribution. The evidence for this 
has been deduced from the following cases : 
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(1) The partial vapour pressures of the components of water-alcohol mixtures 
were determined by Martin and Brown. Raolt s Law for ideal mixtures 
(ue., where there is random motion and distribution of the moieciiles) was found 
to hold for nearly the whole range of concentrations, the divergence being in 
very dilute aqueous solutions. At this extreme end, water was srupposed to have 
the sub-crystalline structure, but otherwise there was evidence of compiete random 
distribution. 

(2) Dielectiic polarisation . — Wyman htvestigated the dielectric i>o]aritation 
of ethyl alcohol-water mixture and found that the additivity rule held throughout 
all ranges of concentration. Now this cai be so if the constituent dipoles 
contribute to the total polarisation, independently of the presence of other dii)oles. 
Hence in these mixtures there is completely random distribution of molecules. 

(3) Spectroscopic evidence . — It has been i^stahlishcd that in associated polar 
liquids like water depolyinerisation is produced by heating the litjuid. On 
depolymerisation the infra-red or Raman frequencies of the O-H Lands are shifted 
to a higher value. For water-alcohol mixtuies the evidence is meagre. However, 
Bars and Cranen^ ' have show n in rather a rough way that the water baud is 
shifted to a higher frequency on mixing it with alcohol. They took two 
percentages 50% and 25% of alcohol by volume in water and found that the 
shift is inaxiinum for 25% mixture. 'J'he exact interpretation of this result 
may not be forthcoming yet but it shows in a qualitative way that depolymerisa- 
tion is produced. 

(4) Butler, Thomson and Maclcnnan’'^^ measured the partial vapour pressures 
of aqueous solutions of homologous aliphatic alcohols and attempted to account for 
the main features of llic behaviour in terms of the cohesive energy between the 
molecules, Langmuir, by using his postulate of i»rinciplc of independent 
surface action/' has shown how tlie inlennoleculur energy in a liquid can be 
obtained by summing the interfat ial energies of the various surfaces of contact of 
the molecules. 

On the assumption that the molecules aie distributed entirely at landom, he 
obtained for a binary soiulion of two substances A and B an equation for activities : 




and log h 


«^Sn0 

kT 


where S» and S* are the surface areas of molecules A and B respectively, « and /3 
their surface fractious ill the solution, /., their activities, and 0 the “mixture 
energy."’ By the mixture energy 0 is meant the work done to bring a molecule A 
from its pure liquid into the pure liquid of B, or to bring the molecule B from its 
pure liquid state into the pure liquid of A. 

The above equation accounted for not only the main difference between one 
alcohol and another, but also for the variation of the activity coeflScients over the 
greater part of the range of concentrations. The divergence from the equation 
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which occur in very dilute aqueous solutions may be due to the failure of the 
assumption of an entirely random distribution and orientation of molecules in 
these solutions. Hence we can consider that in a mixture of alcohols (particularly 
lower alcohols) and water, the molecules are all randomly distributed^ that is, 
there is no gro iping in any of the constituents. 

Now Bntler^* in connection with a paper on entropies and heats of hydration 
of alcohols has obtained the energy of binding of a water molecule to another 
water inoiecule as also to OH or CbU groups, etc. of an alcohol molecule. As this 
energy relationship is required in later work, this is given here in some detail. 
Starting from Langmuir’s principle of independent surface action in solutions 
and Bernal and Fowler’s*” thesis of pseudo-tetrahedral structure of water mole- 
cules, he considers that when a solute molecule has to be introduced in w^ater, a 
cavity has to be made large enough to hold the water molecule and then the solute 
tnolecule can be introduced in that cavity. Considering only the forces between 
adjacent molecules the energy </> required for introduction may be pul as 


0= y 


W— \V ^ — \V 


where yw-w is the energy required to separate a single ijair of water molecules and 
n is the total numl^er of water molecules thus separated, y^-.vN is the energy of 
interaction of the group A in the solute molecule with an adjacent water molecule 
and ' a ’ is the number of water molecules adjacent to the gioup. 


Tims one can write 


(.) 

(t) = py 

'ciq 'w 'V 

- W’ 

h) 

0 - 

W 


From these one obtains 

^C2H6 ^CH4 ^\V- -W — W 

wheie represents the energy of solution for the CH 2 group only. Knowing 

the experimental value for the heat of hydialion of methane and ethane this was 
obtained by Butler as ~ 1.58 k.cal. The value of can ho easily ob- 

tained from the heat of vaporisation of water. This is 10.5 k.cal. at 25®C. Since 
the removal of a water molecule from its surroundings means the breaking up of 
4W — W bonds (water having a tetrahedral structure), and since these four broken 
water linkages will reunite in 2W — W bonds again, the heat of vaporisation being 
the difference of energy in the two cases is equal to 2y^_^. . Thus the value of 

• obtained as 5.25 k.cal. Putting this value of y^._^ in equation (2) or 

(3) and considering the experimental values of 0 , „ and 0 one obtains the 

^ Lqxiii CMki 
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value of Of 3-42 which agree fairly well. The agreeineut shows 

that this method of calculation of the bond energy is tenable. 

Butler then obtained the energy values of by considering the case of 

ethyl alcohol. One can consider 

^^C2H50H““4yw-W “* w“*^^on-W * 

Putting the values of and obtained before and the experi- 

mental value of = 12.88 k.cal., one ^nds 7^^ _.^^=5.6 k.cal. 

Thus the value of is greater th#D that of 7.., . 

This leads to the conclusion that the OH group of alcohols have got greater 
attraction for water iiioleciilc than tlie mutual attraction between two water mole- 
cules themselves. The alcohol molecules cgni therefore break up the water asso- 
ciations. Consequently the cohesive energy increases by the addition of water to 
alcohol. Hence the compressibility curve should always lie below the straight 
line corresponding to the linear law. 

Considering the equation 

we find =5*25 x 3 = 15.75 k.cal. 

SVcH-vv + 3 >oh- w= ■■5(3-36) I- 3(5-6) = 26.88 k.cal. 

This shows that cohesive energy is increased when a molccnle of methyl 
alcohol is introduced in water and gets surrounded by 6 molecules of the latter. 
PVom the molecular weights of CHaOH and H^O and theii densities at the 
required temperature, the volume percentage of methyl alcohol required for the 
least compressibility of water-alcohol mixture can be calculated. In this case we 
require six molecules of water for each molecule of CH3.OH. 

Similar calculations can be made for ethyl and propyl alcohols. A comparison 
of the calculated an^ experimental values is shown in the next table. 


Alcohol 

Ratio of molecules 

W''eight percentage 

Volume percentage 

Volume of alcohol 


of alcohol to those 
ofHaO 

of alcohol 

of alcohol 
calculated 

observed 

Methvl 


22‘CJ 

27 3 

26-27 

Ethyl 


24*2 

29*3 

28-29 

Propyl 


25 

28*8 

19 


The results show that for methyl aud ethyl alcohols, there is close agreement 


between the calculated and the observed values, w bile for propyl alcohol there is 
an appreciable departure to the extent of about io%. 

3—1387?— V 
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The agreement in the case of the first two alcohols shows that the basic postu- 
lates {viz., I,angmuir’s principle of independent surface action and Bernal and 
Fowler's thesis about structure of water) for the energy equation are sound and 
that the reason for the departure in propyl alcohol-water solution must be looked 
for in some other direction. 

Now the volume computation from the energy equation 
^CaHjoH w 7^ch— w ^Vqjj — 

is based upon the obvious assumption that each molecule of the alcohol is 
surrounded by ten molecules of water, that there are no other molecules of water 
which do not surround any of the alcohol molecules, and that the alcohol mole- 
cules do not aggregate. 

If there is some sort of aggregation of alcohol molecules the volume 
computation must fail. The following is meant to .show how far we 
can depend upon the assumption of non-aggregation of alcohol molecules. 
Considering pure alcohols wc find that as the chain length increases, their 
viscosities increase and solubilities in w'ater decrease. This has been 
recognised as due to increasing chain to chain aggregation of alcohol mole- 
cules with increasing chain length for it leads to lowering of potential 
energy. When these alcohols are added to water, the tendency of chain to chain 
contact will detract from the degree of solubility. Also as has been seen 
ycH-w =3.25, 7w-w = 5.2 k.cals, showing that CH groups tend to remain 
away from water, i.c., are hydrophobic. This luoperty of CH groups is well 
known in the investigation of l)ehaviour of layers on water of insoluble alcohols. 
In the smaller chain alcohols the hydrophilic power (water -attracting powers) 
of OH groups predominates and they are therefore highly soluble and in the 
higher chain alcohols, the hydrophobic pov\ers of tbc CH groups predominates, 
leading to aggregation of the alcohols in water, with consequential decrease of 
solubility. We can expect on these grounds that as the chain length increases, 
the departure incur calculations and in others ((.g.. on solubility) will be co;n- 
paratively sudden, for by the addition of a single CH, group the alcohol as a 
whole may be changed from hydrophilic to hydrophobic, nhe non-aggregation 
giving place to aggiegalion. Bury and Hartley*" have investigated the 
phenomena of micellar aggregates in aqueous solutions. Their results indicate 
that clustering of fatty acids and alcoJiols seems to begin at butyric acid and 
alcohol. In our case it seems to begin even at propyl alcohol. 

Again the halogen alkyl amines Cl-CH,-(CH,)„-2 -CH,-NH, are liquids 
miscible with water. The lower meinl>ers of this series are completely miscible. 
Solomon has found that whereas for n = 5 the solubility certainly exceeds 
I mol/litre, it drops by more than two hundredfold (solubility .005 mol/lit.), 
when.-h^S. The author tries to interpret’ this observation by the aid of 
I^angmuir’s principle. For «=5, the hydrophilic power of - the amino group 



Propagation of Supersonic Heaves in Liquid Mixtures 335 

preponderates as opposed to the hydrophobic i)ovver of the alkyl residue but 
when n = 6, this is no longer the case. 

Hence it is not surprising (on the other hand expected) that we have a 
parallel sort of date in compressibilities. Up to ethyl alcohol the energy equation 
used gives accurate results, hut in the next higher (i.e., proi)yl) alcohol, the 
calculated percentage uf alcohol for iiiiniinuih compressibility is too high. 

We can reason out the difference in beh|iviour of methyl and ethyl alcohols 
from the propyl, by also considering their molecular structures. 

Methyl alcohol (CHaOH) cannot be feken as a chain compound at all. 
It may be thought of as derived from methane CH4 by the substitution of one 
H by OH. NowCII^ is tetrahedral in sha|>e due to the tetrahedral character 
of the carbon valencies and CH3OH majj be taken on the whole to be of the 
same structure. Due to the tetrahedral sort |of structure of water, any foreign 
molecule or ion Ictrahedral in shape will fit better in the structure of water than 
that of any other shape. Frank *’■ has sho^^l from entropy considerations that 
ions NH4\ vSO^" fit in the structure of water while NOa', Cl”, Br"", etc., do not. 

So, aithough the CH groups arc hydrophobic, but due to the tetrahedral 
shape of the molecules, they will nevertheless interact with water efficiently 
and due to this and tlie fact that the hydrophilic power of OH group is com- 
paratively strong, and that there is little or no chain character, there will be no 
tendency for chaiii-to-chain aggregation. In this case energy equation will 
yield the correct percentage of alcohol. 

In ethyl alcohol CH3.CH2.OH, a chain has been formed but the CH3 group 
as a whole may be taken tetrahedral in character and so able to interact with 
water. The Iw'o CH’s of CHnOH will interact with water due to the following 
reason : — 

The group CH2OH as a whole may be taken as conforming to the tetra- 
hedral sort of shape, being derived from CH3. 

Due to the above and also because the chain length is not big after all, 
there wdll be no tendency for aggregation and tlic energy equation will give the 
right percentage. 

With propyl alcohol the picture is diflerent. In CH3.CH2.CH2OH, the 
CHa and CHaOH will behave as before but the middle group CH^ isolated as 
it is from the influence of OH and riot tetrahedral in sha]>e, will show little 
tendency to react with water due to its inherent hydrophilic nature. Due to this 
significant reason, and that the chain length has increased, there will be a 
suddenly increased tendency to self-aggregation. 

This sudden difference of behaviour of propyl alcohol from that of lower 
alcohols has been reflected in our compressibility data by the abrupt deviation 

between the ideal calculation and observation. 

The energy equetion eliows, as has been said somewhere before, that the 
eohesLe energy inerwases as . molecnle of alcohol is introduced and nets 
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surrounded by water molecules. So, we have the conclusion that the cohesive 
energy will be the greatest, when there are the greatest number of alcohol mole- 
cules such that each molecule of alcohol is completely surrounded by lo water 
molecules, at the same time the distance between the alcohol molecules being 
sufficient so that they may not be expected to stick together in aggregation. 
The ideal computation, i.e.t 30% of alcohol, corresponds to the case when the 
alcohol molecules* are just se])arated from each other by these surrounding water 
molecules, and that there are no excess molecules of water not occupied in 
surrounding alcohol molecules. Since this behaviour (/.c., non-aggregation) 
is not expected to hold for this high percentage, on the grounds presented above, 
the percentage volume of alcohol must be reduced till it is just sufficient to keep 
the molecules of the alcohol in non-aggregation. At this lovxer percentage then 
(i.e., 19% in the actual case) one wilt have the minimum compressibility. 

After the results had been obtained, the author came across two papers, 
where velocities in ethyl alcohol water mixtures are measured. The results, 
how^ever, were given without any attempt at theoretical treatment. 

In conclusion. I tender my grateful thanks to Dr. A. K. Dutta for discussions 
and valuable suggestions. 

I am obliged to Prof. D. M. Bose for his allowing the facilities and for the 
favour of very useful discussions and suggestions. 
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FORMULAE CONNECTING SELF-RECIPROCAL FUNCTIONS 

By BRIJ MOHAN 


(Received for publicat^fin, April 2.}^ yy*//) 

I. hi 1931 Hardy* and Titchniarsh® started the question as to how functions, 
which were self-reciprocal for Hankel transforms of diflerent orders, were 
connected with one another. They gave Certain rules for deriving self-reciprocal 
functions for tiausforins of different orders’ from those which were self-reciprocal 
for transforms of a given order. In 1932 ind 1934 , 1 ^ gave some more rules 
of a similar nature. The object of this note is to add a few more to the list of 
these rules. In the end I use these rules to deiive some new self-reciprocal 
functions. 

I will say that a function is R*- if it is self-reciprocal for Ji- transforms. For 
Ri and R-j I will write R, and R^ respectively. 

1 will make use of the following result given by me elsewhere (3 : §8) ; — 

If fix) is Ra*, the function 


is Rf, provided that 



Pixy)f{y)dy 


PU) = 


I 

27ri 


k + t^ 


■ 


‘V(l + iii + ^j)r(i + -iv + ’ ds, 


U.i} 


where 

and A{s)=A(i— s). ••• (1.2I 


2. Rule I. — The kernel x“'‘ transforms R^ into Ry, where ix'>-i,v >— i. 
This is almost obvious. For, in this case, 


g{x)= \ Hy)dy- 

This is only a constant multiple of the function which is known to be R.. 

3. R„Ie J/.-lV kernel transforms 

R„ where v > §. 


into 
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To prove this rule, I start with the Weber-Schafheitliu [6 : 13.41 (2)] integral 


r J..(a;c)Jn(ax) . (^a)^~^r(A) I'd + jm + ^n-M) 

lo 2 r{i + im + in + ik) r(i-im + in-iX)r(Him-|n + U)’ 

where R{w + n + 1) > R(X) > o. 

This formula is the same as 



^]m{ax)]n{ax)dx 


2l\i + im + -Jw 


1^(1 — — 


^ r(i - - m\hn + in + ii) 


2 + itn + in — i/)T(i — im + ^n — i/)r(i + — Jn “i/) 

where R(tn + n) > R( — /) ^ — i. 

By Mellin’s Inversion Formula (i) we have 


2 V «■ ^ ^ 


b ^ i on 

j 


r(i-iz) 

r(i + im-^in “•'!/) 

3^(1 — + Jh + il\ 


^ va"*' ' a” ^ a** rfl 


so that 


I _ 

2>Jn 


t + <00 

t. Ti _.ni- 4 z) 

27 ri j F(i + 4w + ^n - J/) 
6«<op 


, + 7 / 

r(i — 4 m + 4^ ~ 4 /)r(i + 4 m — Jn — 40 ^ 

6— a+ i» 

= f -> r(i-^a^ 4 r)r(l-^a-^s) 

v'»r ’ 2«’* J r(i+im + in-4o-is) 

6-«- <00 


J, r(im-hin + ^a + 4s) 

I'(i - 4 >m + 4» — i® - ii) Jl'Ci + 4w - -in - io — 4s ) ’ 


( 3 .t) 


wi ere 


R(m + w) < 6 < I. 
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Putting m- i = n= — a=v— .J, we get 

6 — 2 + V + 


^ 37ri 1 


V';r 


+ V — 1*00 


r(-Mpj 5 )r(|+iv-i.)' 

where 2 — 2v < b ^ i . 

This integral is of the same form as (r*i) with m=3v— 3, 

Tlj + jv— + Is) 

<s/n r(-£ + ii.+|s)r(-^+|v-is)r(j+|v+|s)r(.v + |v- js)’ 
which evidently satisfies (1.2). 

Hence follows the result. 

Putting v = r we get 

Rule III. — The kernel-^— transforms Rq into Rj. 

V X 

In 1934, 1 (4 ; §3) gave the rule that 

— iv 

The kernel x * j (.r) transforms Ri into R^,, where Hn(.v) is 

Struve’s function [6 : 10.4(2)] of order v. 

As M and v are inter-changeable in (i.i), this rule may also be written thus : 

The kernel H^^ _ ^ (x) tiansforms into Rj. 


As H _ 1 (.r) = 

i ^ Ttx 

it follows that Rule HI is a particular case of this rule for v=o. 

If, in (3.1), we take »i = n= -d = v- J and proceed as before, we obtain 

Rule IF.— The kernel A. ^ j(|-v)J^_j(iv) transforms R^„_j into R^ 

for V > J . 

If here we take v = i, vve get 

Rule F.— The kernel -v ^{i - cos .v) transforms Rj into R , . 
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If, in (3.1), we take m= — w = iSv~ J, rf==o, and proceed as above, we derive 
Rule VL — The kernel transforms intoR^^ for 

V > o. 

For the particular case v=|, we have 


Rule VIL — The kernel — ~ transforms R, into Rq, 

X is 

4, Titchmarsh (5 : 7.10.4) has given the pair of Mellin Transforms 

I r{^5)r(i^+n) 






If we start with the integral formnla for this pair, and i)rocce(l as abovej we 
arrive at 

Rule l' 77 r— The kernel v"’”*"'* Jt, . i (i.v) ■yj . (iv) transforms Ri, i 

:s' "T <; rp li A’ 

intoRi^^, where v > -J. 


As 


y^M= - V 


COS .r, 


if we put v=i in Rule VITI, Ave arrive at Rule III again. 

If we use the pair 

e'^fenCv), cos 5)r(.f+w)r{s-M) 

given by Titchmarsh (5 : 7.io.g) and proceed in the same way, we obtain 

Rule IX . — The kernel x'*'' transforms R^,_ ^ intoR^ for 

v> I 

— 1 

When v=i, we obtain the rule that the kernel .v ® transforms Rq into Rj. 
This is already contained in Rule I. 

5. I now proceed to derive certain self-reciprocal functions with the help of 
the above rules. 

We know that the function 




is R ; in other words, that the function 


is R 


3V-1 




••• (5.1) 
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Applying Rule IT to this function, we arrive at the R , function g(.v) given by 


^30 


>v-i 

= v2“’'l .2 v-\ -i{'^ 


dt 


i 


t' T ^ ' 2 


This integral may be evaluated by a fommla given by Macdonald (6 : 13.3^) 
for V > i. We thus find that g(v) is a constant multiple of 


— V 2V~“2 

.-V 3^ - 


~ i . V, 2P — T 
v + ^, V— 2V--I 


; 


.2 


which is the vSame as 


/ ^ iFi(v; v + ii -iv2). 


Using Kumnier’s Transformation F'orinula 

iFi(a ; P ; 2) = c>* ; p ; -2). 

we find that the function 


x' v + i; ir») 


is R for V > 

ii< « » 


If we apply Rule IV to the function (5.1) we arrive at the same function 
again. 

If we apply Rule VI to the function vvc find that the function 

,Fi(i; 

is R for V >• o. 

BEN.4RE.S I-llNm7 lIXIVKRSiTY. 


REFERKNCES 

’ G. H. Hardy, Messenger of Math., 47 . 178-184 iioiS). 

* G. H. Hardy and E. C. Titchmarsli, Proc. London Math. .Soc., If, 33 , 225-232 (1931). 
® Erij Mohan, Ibid., IT, 31 , 231-240 (1032!. 

* Brij Mohan, Proc. Edin. Math. Soe., IT, 4 , 53-56 1 1934). 

» E. C. Titchmarsh, The Theory of the Fourier Integral-Oxford (1937). 

* G. N. Watson, The Theory of Bessel Functions— Cambridge (192s). 

4— 1387P— V 




30 


ON THE HIGH-FREQUENCY CONDUCTIVITY AND EFFEC- 
TIVE DIELECTRIC CONSTANT OF ELECTRONIC MEDIUM 
IN A (HIGH-VACUUM) THERMIONIC VALVE 

By R. G. BASAK. M.Sc. 

{Received for public May 9, 1^41) 

ABSTRJICT. Til this investigation, the II. V. c^iKlnclivity of the anode screen-grid space 
in a thermionic valve (Philips B 442) was measured finder various conditions. Willans’ method 
of measuring II. P. resistance Nsa.s adopted for 'the purpose and the douhle-hetcrodyne 
teclmique was followed in carrying out these iiieasureinents. The theory of the method and 
the experimental procedurt* are fully described. The conductivity experiments were made in 
three sections. 

^i) Measurements of the conductivity of the inter-electrode space of the thermionic valve 
for various values of the thermionic current keeping the frequency of the held and time of stay 
of the electrons constant. 

A linear relation \\as obtained between the conductivity value and the thermionic current. 

(2) Measurements of the conductivity of the .same electronic medium for different frequen- 
cies in the medium frequency hand for definite values of the electron concentration and time of 
stay of the electrons 

The conductivity was found to increase with the increase of frequency in this lower range 
of frequencies, 

(3) Measurements of the conductivity of the same elec tronic medium for different transit- 
times of the electrons keeping electron concentration and the frequency of the field constant. 

The conductivity nnq.s found to increa.se very rapidly with the increavsc of the time of stay 
of the electrons. 

Measurements w ere also made of the effective dielectric con.stant of the inter-electrode 
space of the same valve to study its variation with the time of stay of the electrons. For a 
fixed frequency of the field and a definite electron concentration, the effective dielectric constant 
of the electronic medium w'as found to decrea.se very rapidly with the increase in the value of 
the transit-time of the electrons. Accepting Forentz’s expression for the dielectric constant of 
a frictionless electronic medium and introducing a multiplying factor it is concluded that this 
multiplying factor increases with the increase in the time of stay of the electrons in the 
inter-electrode wspace of the valve. 


INTRODUCTION 

The expressions for the dielectric constant and the conductivity of an 
atmosphere of ions and electrons are now well-known. The corresponding 
expressions in the case of an electronic mediuir. inside a high-vacni’m thermionic 
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valve have not, however, been established with any certainty. Since the time of 
stay of the electrons in the inter-electrode space is only a small fraction of the 
period corresponding to the radio-frequency of the alternating field, the contri- 
bution of electrons towards the reduction of the dielectric constant should, there- 
fore, be correspondingly small. Benner* had considered this effect of the finite 
time of transit of the electrons on the value of the dielectric constant and also on that 
of the conductivity of the electronic medium inside a theimionic valve. Recently, 
however, Hollmann and Thoma ® deduced from their theory of the inversion of 
electrons substantially different formulae for the diclectiic constant and conducti- 
vity of such a medium. Mitra and Sil*** had also proposed a theory of the con- 
ductivity (or resistance) of a thermionic valve. Assuming a Maxwellian dis- 
tribution of velocity of the electrons inside the valve they calculated the time 
of flight of the electrons making certain simplifying assunjptions and approxi- 
mately obtained the values of the conductivity of the valve for diffeient frequen- 
cies. These values calculated on their hypothesis agieed well with the values 
found experimentally in the high frequency range. In view of these different 
theories, it was considered desirable to undertake accurate measurements of the 
dielectric constant and conductivity of the electronic medium inside a screen- 
grid valve under different controlled conditions. Some work performed in this 
laboratory on the effective dielectric constant of such a medium both for medium 
and ultra-high frequency alternating fields had, how^ever, been previously reported. 
The present investigation is primarily concerned with the experimental deter- 
minations of the H. F. conductivity of the anode = screen-grid space of a thermionic 
valve on medium radio-frequencies. The conductivity experiments were made 
in three sections : 

(1) Vaiiation of the H. F. conductivity of the anode = screen-grid space of a 
screen-grid valve with the thermionic current through the valve, keeping the 
frequency of the alternating field and the time of stay of the electrons constant. 

(2) Variation of the H. F. conductivity of the similar electronic medium 
with the frequency of the alternating field for definite values of the electron 
concentration and the time of stay. 

(3) Variation of the H. F. conductivity of the similar medium with the time 
of stay of the electrons keeping the electron concentration and the frequency of 
the field constant. 

The variation of the effective dielectric constant of the electronic medium 
inside the screen-grid valve with the time of stay of the electrons in the inter- 
electrode space has also formed a part of this investigation. The experimental 
results on the H. F. conductivity and the effective dielectric constant of the 
electronic medium inside the screen-grid valve have been examined and theoreti- 
cal interpretations given. 
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M K rut) D ( ) 1^' C O N D IJ C T 1 V 1 T Y M A S T K E M E N T S 
(a) 2 lieory oj Willans method of tl, F, icsistance mcasutcmeni 


Willans’ method of H. F. incasurenient of resistance was employed in this 
investigation. The principle involved in the method is the welFknown principle 
of transformer action. 

Let us take a secondary circuit contaimng inductance L,, resistance and 
capacity Ci in the neighbourhood of am oscillaiing primary circuit containing 
inductance L, resistance R and capacity^ C. When a current flows in the 
secondary circuit, the resistance and reactance of the primary circuit would 
change (and vice versa). The change in thf reactance of the oscillator (primary) 
coil would mean a change of the efl'ectiv^ inductance of the same coil, which in 
turn would cause a change in the cmitt^id frequency of the oscillator. This 
change in the frequency of the oscillatoi* would be directly proportional to the 
change of reactance. The frcquency-changte would be : 


A/ (X' 


RfVXjf 


(i) 


where X is the reactance of the primary (oscillatory) circuit, 

Xi and Rj the reactance and resistance of the .secondary, 

M the mutual conductance between primary and secondary coils, 
and <D the angular frequency of the current. 


Now it can be easily proved that for (i)M= constant, the change of frequency 
would be maximum, when ^ 


or 


R? = X2 
Ri=±X, 


i,e. 



and 



... (2) 


Hence Ci' and C/' are the values of the secondary capacity for the two conditions 
for maximunx change of frequency as given in (2). Combining the two condi- 


tions, we get 



- (3) 


The change in the emitted frequency due to the change in the effective 
reactance of the oscillatory circuit can be discerned as an alteration of the beat- 
note in the telephones connected to an oscillating receiver. 
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(b) Expenmenial procedure 

The experimental i>rocedure is briefly staled here. With the switch of the 
meaMirenient circuit (Li Ci Ri) open, the frequency of the oscillating receiver is 
adjusted to the desired value and the frequency of the oscillator is then adjusted 
by varying its tuning condenser C till no-beat is heard. When the measurement 
circuit is closed, its condenser Ci is varied till the beat-note again disappears. 
This gives the resonance value of Ci. Next displacing Ci by a small amount, 
the beat-note is again heard due to the change in the frequency of the oscillator. 
The tuning condenser C of the latter is now changed till the beat-note again 
disappears. If the process is repeated for other i)Ositions of the condenser Cj of 
the measurement circuit, it will be found that the variation of C required to 
balance the effect of variation of Ci is of a form with two peaks on both sides of 
the Ci-value which corresponds to the original frequency. These peaks appear 
for two different values of Ci, viz. C,' and Ci". The H. T. resistance R^ of the 
measurement circuit can then be calculated from relation (3). 


Kxpeiimenial anangemenis and the working formula for the 
conductivity measurements 



Fig. I 

The complete arrangement of the apparatus is shown in fig. 1. The 
oscillators w^ere of the Hartley type. A pair of telephones was inserted in the 
anode circuit of the detector-oscillating valve. When the frequency of each was 
adjusted, it was possible to hear the heterodyne whistle. The L. F. e. m. f. 
developed across the telephone was then fed into amplifier of the conventional 
type. A loudspeaker was connected to the output of the amplifier. Through 
this loudspeaker was passed an audio-frequency current from the secondary 
cheuit of an audio-oscillator of a suitable constant frequency. A variable 
resistance w^as inserted to adjust the amplitude of this audio-frequency current 
so that the heterodyne whistle and the sound due to the audio-frequency current 
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from the audio-oscillator could be made of the same order of intensity. As a 
result of the superposition of these two audio-frequency currents through the loud- 
speaker, beats could be heard. The tuning condenser (C or C3) of either oscil- 
lator could be adjusted till no beats were heard. All the condensers were properly 
shielded and carefully calibrated. Usually more than one condenser fitted with 
slow’-motion dials were used in parallel with C & Ci. 

To determine the H. F. conductivity (or the resistance) oftlieaiiode = 
screen-grid space of the experimental valve, the anode and the screen-grid were 
then connected to the plates of the condenser Ci .so that C, and the inter-electrode 
capacity Ci w^ere placed in parallel. A suital)le high voltage was applied across 
the anode and the filament of the valve. JTeasurements of the H. F. resistance 
of the measurement circuit with the filament current on and off were then made 
successively by following the double-beat ‘ procedure of Willans' method as pre- 
viously described. The H. F. resistance R/ of the circuit when the filament 
current w'as switched on was found greater than the corresponding resistance Rj 
when the filament current was off. The increase in the resistance (R/ — Ri) 
or r was the effect of a leakage across the inter-electrode space due to the 
conductivity of the electrons in that space. From the value of r obtained experi- 
mentally, the corresponding shunt resistance /> was then calculated from the 
relation 


=^a.2r(c,)r "■ 

Here (Cl )r is the resonance value of the condenser Ci when the inter-electrode 
capacity C„ was put in parallel w ith C'l . C. was very much smaller than (Cj)r. 

The H. F. conductivity of the electronic medium in the inter-electrode 
space as expressed in terms of the leakage shunt-resistance p across it was given 
by 

4ff(Ci)rp’ ' 

In view of (4), the conductivity of the electronic medium as expressed in terms 
of the increase in series resistance t would then be given by 




A2 


{Ci)r . r 


28.27 X 10*^” X r 
— p — 


(6) 


Calculations of the conductivity of the medium were made from (6) 
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E X I’ K R I M K N T A L R K vS U T. T S 

Variation of the H,F. conductivity of the inter-electrode space of the thermio- 
nic valve with the thermionic current through it, keeping the frequency 
of the alternating field and the time of stay of the electrons constant 

Measurements of the H. F. conductivity of the anode = screen-grid space of a 
Philips B 442 valve were made for two different frequencies. For each frequency 
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the thermionic current through the valve was varied from o to 5 m.a. The 
results for frequencies : 1024 kc. (A =293 m.) and 625 kc. (^=480 m.) are shown 
graphically in figs. 2 (al & 2 (b). A pair of curves drawn from a representative 
set of observations for the evaluation of the H.F. resistances Ri' & Rj of the 
measurement circuit by the method of Wilians (when the filament of the experi- 
mental valve was switched on and off respectively) arc shown in fig. 3. 



The curves in fig. 2 show that a linear relation was found in these experi- 
ments to hold between the conductivity of the electronic medium and the electron 
concentration (which could be t.iken proportionate to the thermionic current 
since the anode voltage and the filament current were both kept fixed during 
each set of observations). This linear relationship is expected from any theory 
of the conductivity of the electronic medium inside a thermionic valve. 


Variation of the H.F. conductivity of the inter-elcctwde space of the thermio- 
nic valve with the frequency of the alternating field for definite values of 
electron-concentration and time of stay of the electrons 
In fig. 4 are shown the results of a typical set of experimental results 
showing the variation of the H.K. conductivity of the anode = screen-grid space 

5— 1387P— V 
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of the same thermionic value with the frequency of the alternating fiedd. liie' 
thermionic current was fixed at 3.5 m. a. and the frequency was varied ft'oip 


24 


22 

I 

Aoi 


18 

ic 

i 


§ 





ThfrmioMIC / 

CURgfNT.3*5^^i.«.y 


FR£^UBNC)C^) 

' yoo Jod ^po #000 Kc. 


Fig. 4 

512 kc. to 1000 kc. (A = 585 in. to 300 The conductivity values were 

calculated with the help of equation (6). It can be seen from fig. 4 that the 
conductivity increased as the frequency 7 aas increased within the experimental 
range, I’/c., 512 kc. to 1000 kc. It should be mentioned here tliat the experiments 
of M, Kameswar Kao® performed in this laboratory on the internal resistance of 
a thermionic valve over a wide range of radio-frequencies revealed the same 
feature in the lower range of frequencies. He found that the internal resistance 
of the experimental valve at first decreased with the increase of frequency (till 
about 1600 kc. in the case of Telefunken RE134 valve and till about 2000 kc. 
in the case of Philips B406 valve) and that it increased again steadily w’ith the 
increase of frequency. 


• Variation of the conductivity of electronic mediuw inside the valve^ 
with the time of flight of the electrons fot a definiit electron 
concentration and frequency of the field 

In these sets of experiments the anode voltage was varied and the thermionic 
current was maintained at^ a definite value by adjusting the filament current 
Measurements of the H .F. conductivity of the anode *» screen -grid space for a 
definite frequency were then, made for different anode voltages. The time of 

flight of the electrons could be taken as* proportional to" 


.where* y^^anod^ 
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voltage. In fig. 5 are shown the results of a typical set of experinients for a 
definite frequency of the field. It is significant that the value of the conductivity 



decreased very rapidly with the increase of the anode voltage up to about 90 
volts and then increased steadily tending to approach a limiting value. The 
increase of conductivity at about 90 volts must be due to the secondaiy elections 
emitted at the anode and screen-grid surfaces. Before the emission of the 
secondary electrons, the experinients indicated a very rapid increase of the 
conductivity with the time of stay of the electrons. 

n.iscnvSsioN op the e .v pe r i m kn t a l resueth on 

THE CONDUCTIVITY O V' THE A N O I) E - S C R I', 1C N - ( . K f U 
SPACE OF THE THERMIONIC V A E V E 

■ We shall write below the expressions for the conductivity term as given 
by Benner and Hollmann &. Thoma : 

Benner: (r= ■^i,(i-cos<oT) • = • 
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Hollmann 

& 

Thonia : 






where N = electron concentration, 

T = tinie of stay of the electrons in the inter-electrode space, 

= angular frequency of the field, 
and c, m arc charge and mass of an electron. 

When o»T is sufficiently small, these equations will reduce to : — 

Benner : cr = " 

m 

Hollmann 

6m I 2 48 

lam 

Let us now consider our experimental results on the conductivity of the 
electronic medium inside the valve. 

id) Relation betn'cen the conductivity a- and the electron concentration 
N Jot fixed values of frequency and time of stay of the electrons 

The observed linear relation between the conductivity of the anode = screen - 
grid space and the thermionic current (which could be taken as proportional 
to the electron ccncentration since the anode voltage and filament current were 
kept fixed) can be explained on either formula. Kxact quantitative comparison 
between the experimental values and the values expected from either formula 
is not, however, possible since the time of stay of the electrons from the filament 
in the inter-electrode space is not accurately known. Accepting, however, an 
approximate estimate of T equal to lo"^ sec., we can find out the order of 
magnitude of the election concentration N in the inter-electrode space. Taking 
the experimental value of the conductivity to be 10^, N comes out to be 4 x lo* 
according to Benner’s formula, whereas according to Hollmann & Thoma, N is 
of the order of 10'®. The former value is incredibly small and the latter is 
again too large under the conditions of our experiments. 
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ib) Relation beiiceen the conductivity and ike Jtcquincy oj the fuld jot fixed 
1 allies of election concentration and tinu of stay of the tlcciions 

According to Beiiuer (r is independent of the frequency of the field. 
Benner’s formula, therefore, cannot explain the observed variation of conducti- 
vity of the electronic medium inside the valve with the frequency of the field. 
A little inspection of Hollmann & Thoma s formula will show that the conducti- 
vity should increase with the increase of frequency for values of oT from 

o to " . For Very small values of however, <r should vary as the s(iuarc 

'2 

of the frequency as is evident from (lo). It should be noted that for loo mega- 
cycles frequency (A == 3 metres], o/r= .4 x , assuming T=io”‘' sec. For lower 

frequencies, wT is still less. In the medium frequency range, o)T is only a 
very minute fraction of tt/^. Thus, according to Ilollniann & Thoma, the 
conductivity term should incicase with frequency from very lov\ to very high 

frequencies. Our experiments on the medium ftequmey band showed this 

increase of conductivity with frequency but experiments with higher frequencies 
performed in this laboratory and elsewhere had definitely shown a steady 
diminution of conductivity of the intcr-electrode space of a thermionic valve 
with frequency. We have already referred to Rao’s work in this laboratory 
showing a gradual dccicase and then a steady increase of tlic internal resistance 
of a thermionic valve with the increase of frequency of the measuring field. 
Hollmann & Thoma’s formula can, therefore, be regarded as untenable. 
Ithastgir ^ has recently explained the observed variation of the resistance of a 
thermionic valve over a wide range of frequencies. Accepting the fundamental 
ideas of Mitra & Sil aliout the conductivity of a valve arising from the convec- 
tion current and considering also the conductivity due to the displacement 

currents, it has been shown that the experimental results on the variation of 

the conductivity of the valve with frequency can l)e interpreted. 


(cj Kffcct of the time of stay of the elections on the value of the conductivity 

Our experiments showed that for the larger values of the time of stay of 
the electrons, the conductivity increased very rapidly with the time of stay. 
Both Benner's and Hollmann & Thoma s formulae, however, demand that the 
conductivity of the valve should increase with the time of stay of the electrons. 
The observed increase w^as rather much too rapid. 
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Measurements of effective dielccittc constant of the intci-elcc trade space 
in the valve and its variation with the time of stay of the electron 

(a) Theoretical considerations 

We shall write below the expressions for the change in the dielectric constant 
of the electronic mccliuin inside n valve as given by Benner and Hollinann & 
Thoina. 


Benner : 


Holimann eb" Thoma 





s'ai cuT 

) 


... (it) 

.-.-rNc^T^ 

. o,T 
sill 

2 

_ <.,T 

2 

o)T 

. cos 

2 

- - <“T 


m 


eir 


cos 


When o),T is sufFicieiitly small, both these cxj>ressions are reduced to 


Benner : 


Holimann & Thoma : 


)T2 

\ 3»« ' 
2 ffNc’^T* o>T 


m 


= (J ;rNc2,„)/r2. 


(12) 


;i3; 


(14) 


The experiiiieiits* perfonDal in this laboratoiy had previously shown 
that both the above expressions for the dielectric constant of electronic medium 
were untenable. A multiplying factor was introduced in the Lorentz formula 
for the dielectric constant of a frictionless electronic niediuin to obtain the effect 
of the time of stay of the electrons in the inter-electrode space. Expressing this 
multiplying factor in the form 

1^=1 . m. 

where A is a constant, T the transit-time, and A the wavelength of the field, 
it was shown that a was independent of f ^ ^ and depended only on the time 


of transit of the electrons. The experiments described in this section were 
undertaken to find the nature of this dependence. 


' (h) Ex{>erimental arrangement and procedure 

■ The experimental technique was essentially that of the double-beat method 
adopted in the previous work on the subject {vide fig. 6.) 
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Osciilatbr J)etectoy - OacUlaroi 



The anode = screen-grid capacity C,. of . the same vaive (Philips B442) was 
placed in parallel with the tuning condenser C2 of a detector-oscillator circuit. 
The change in the capacity of Cr when tlije inter-electrode space was filled with 
electrons was balanced by changing the capacity of an accurately calibrated 
small variable vernier air condenser C\ in parallel u ith Cr and C^, so that the 
total capacity (Cr C2 ) remained constant. The high frequency signal from an 
oscillator was received by the oscillator-detector valve-circuit which was exactly 
similar to the oscillator circuit. When the detector circuit was nearly in tune 
with ^ the oscillator, the familiar heterodyne w hi.stle was heard in the telephone 
|)!aced in the anode circuit of the receiver. The aiidio-frcqiiency voltage 
developed across the telephones was then amplitied by a suitable amplifier and 
fed into a loudspeaker which gave a loud musical note. On introducing into 
the same loudspeakei an audio-fre(|ucncy current from a specially constructed 
audio-oscil'ator capable of producing an intense note of fixed frequency, beats 
were heard I)y suitably adjusting the heterodyne frequency. (A variable 
resistance was placed in seiies with the secondary coil of the audio-oscillator 
to match the intensity of the heterodyne whistle with that of the audio-frequency 
note). Adjustments of the variable vernier condenser Ca in the oscillator to 
])roduce no beats were then made successively fust when the inter-electrode space 
was devoid of electrons and next when the same space was filled with the 
electrons. In other w^ords, the change in the capacity of Ca was noted with 
the filament of the experimental valve off and on after having given suitable high 
voltages to the anode and the screen grid. In this observed change in capacity 
AC was added a correction (ACj^ to allows for the effect of the conductivity of 
the medium. The change in the capacity due to the dielectric constant change 

alone would then be given by 

(AC)^,-AC-i- (AC)^^ 

The dielectric constant was thus calculated from 

(AC)^ 

c, • 


fc==T — 


... (15) 
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It was, therefore, necessary to determine first the observed change in capacity 
AC for different anode and screen-grid voltages (with suitable values of filament 
current to keep the thermionic current constant) and then to find the correction 
term 

ic) Concciion jot the conductivity of the electronic medium 

After determining the observed decrease in the capacity AC for each different 
anode voltage in the way described before, the correction term for the conductivity 
effect was obtained in the following way : 

The H. F. series-resistance of the electronic medium was measured by 
Willans' method for each different anode voltage, keeping the thermionic current 
constant. The corresponding shunt resistance p was then calculated by the 
standard formula. A graph was then drawn showing p against the anode voltage. 
Next in a separate experiment the inter-elcctrode capacity was shunted by 
different non-inductive metal film high resistances and the corresponding increase 
in the effective capacity of the oscillating system necessaiy to restore resonance 
condition was accurately measured by following the double-l)eat method already 
described. Another graph was then constructed from the observed data showing 
the increase in the capacity against the value of the metallised shunt resistance 
employed. From these two graphs the con ect ion terms (^C)^ (for the different 
values of the shunt resistance p corresponding to the H. F. series* resistances 
y of the electronic medium) were obtained for different anode voltages and a 
correction graph constructed showing correction for the different anode 

voltages. To each value of the observed decrease in capacity obtained in the 
main experiment for each different anode voltage, the requisite value of (^C)^ 
obtained from the correction graph was then added. This gave the change in 
the capacity (AC)^. due to the dielectric constant change alone. 


id) Experimental lesults 

The results of a typical set of experiment arc shown in fig, 7 and the data 
are entered in the table below^ : 



f 

V 

toe ^ 



(AC) 

'ACi 

Serial 

No. 

Anode Voltage 
(volts) 

I 

AC 

1 

(AC,^ 

f 

= AC+( AC)^ 
(“»/) 

-- ct' 



^^V 

1 




1 

6s 

I 

! .125 

1 

2 .^ 1 

I. 9 Q 

4-79 

' 5 - 

2 

1 83 

! .110 

1.65 

1 .00 

2.65 

• 73 .S 

3 

100 

1 .100 

1-55 : 

1.00 

! 2.55 

•745 

A 

118 

! .093 

1*9 

1.99 

2.89 

•71 

5 

135 1 

.087 

2.2 

2.8 

5.0 

•50 

6 

150 j 

1 

.082 

2.5 

2.9 

5*4 

.46 
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AHOiye VOLTAQl (VOLTS) 

^0 80 160 
Fig. 7 


It can therefore be said that, before the emission of the secondary electrons, 
the effective dielectric constant of the electronic inediuni increased with the anode 
voltage, i.e., it dvcicascd with the time of stay of the electrons. 

(e) DiscuiiSion oj iJic t' \ wsnJls iind tonclusion lhi'\t‘f)0)u 

I'roni Benner’s and Hollmann and Thoina’s expressions for the dielectiit 
constant of electronic medium in a thermionic valve, we find tliat the dielectric 
constant in the former case would decTvasc with the increase of the time of sta> I 
and that in the latter case it would increase w ith the transit time of the electrons. 
According to Hollmann and Thoina, however, the dielectric constant would be 
greater than unity for the given value of wT. In view of the lesults of 
experiments performed in this laboratory and already referred to. we consider 
both formulae untenable. Accepting, however, horentz's formula for the 
dielectric constant of a frictionless electronic medium with a multipb ing factor 
in it and neglecting the Lorentz term, viz.^ 

... (i6) 

we conclude that as the effective dielectric constant was found to decrease with 
the increase bf the time of stay of the electrons, the factor a, would increase 
with the increase of the liansit-time 1 . 

b— 1387P— V 
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RAMAN EFFECT IN DEUTERO-NITRIC ACID 

By Dr. G. B. BANERJI, M.Sc., Ph.D. (Lond.) 
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B. MISHRA. M.SC. 

[Rrccivcd fot l^ttblicatioHt /./, /94O 

Plate XVOI. 

ABSTRACT. Deutcro-nitnc acid has been prepared by the action of nitrogen pentoxide on 
heavy water. The Raman spactra of the acid liave been photographed and consist of fre- 
quencies 166, 589, 667, 790, (>05, 1017, 1293, 1536, 1640, 1849, 1972 and 2455 (band). By com- 
parison with HNO3 it has been found possible to calculate the isotope shifts and also tf) explain 
the origin of the vibrations in DNO3. 


I N T R 0 I) IJ C T I O N 

Since the isolation of heavy water, a large number of experimenters have 
studied the Raman frequencies of various compounds in which hydrogen is 
replaced by deuteronium. The results have led to measurable isotope shifts 
and have served as a check to theoretical developments in this connection. 
Leckie ’ prepared Deulero-sulphuric acid and photographed the Raman spectra 
of the 100% acid and also of the acid in various dilutions of heavy water. 
Small but definite isotope shifts have been recorded. Nitric acid has a number 
of Raman frequencies and it was thought desirable to prepare Dcutero-nitric 
acid and study the Raman effect in 100% acid. 

F, X P K R I M F N T A L A R R A N G K M E N T vS 

After various trials, DNOj was prepared by the action of N 2 O;, on heavy 
water. In order to prepare NjOs, a mixture of strong nitric and sulphur jc 
acid was first distilled. The nitric acid thus obtained was mixed with phos- 
phorus pentoxide and distilled- The distillate was cooled by freezing 
mixture and consisted of solid N,0.. This was purified and a small 
weighed quantity of the solid was taken and to it a definite quantity of heavy 
water( ioo%) was added as required by the reaction 1)^0 ♦•NjOj-aDNOj. 
For this work only 5 c.c. of the acid was prei)ared. The acid thus obtained 
looked slightly brown due to the presence of nitrous fumes. To make it 
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transparent a small current of perfectly diy air was passed through it for 
about an hour, care being taken to avoid contamination with moisture. After 
the completion of the work, the strength of DNO2 w’as tested and found to be 
98%. 



The acid wah transferred to a glass tube A (h'ig. 1 ) with one end blown 
flat and the other end was quickly sealed off. The tube was about 25 cm. long 
and had a bore of 4 mm. only. Some 3 c c. of liquid was sufficient for investi- 
gation. • 

To avoid complications, Raman spectra was produced by filtering out all 
lines of the mercury arc other than 11104358 group. With this view, a simple 
piece of pyrex glass apparatus (Fig. I) was blown. The experimental tube was 
surrounded by two jackets B and C containing a very dilute solution of iodine 
in carbon tetrachloride and a concentrated solution of sodium nitrite in water 
respectively. The former solution absorbed the wave-lengths longer than 
4358-^, while the latter absorbed shorter wave-lengths. The whole arrangement 
was quite handy. 

A bent mercury arc of pyrex glass, like the one devised by Anantha- 
krishnan ^ was employed. This surrounded the central part of the apparatus. 

Two card-boards were slipped over the jacket C at its tw o ends and these 
allowed the light from the mercury arc to fall only over the middle part of the 
experimental tube. 

The mercury arc was run at 4 amperes and the exposure lasted for 
So hours in the case ofDNOs. For photographing a Hilger spectrograph with 
a very dense flint glass prism was employed. 

R E S U I, T S 

The wave-lengths of all the Kaman lines were measured with the help of 
Hartmann’s formula, taking known lines of copper arc as standard. Nearly 
all the lines are rather broad and there may be a maximum error of 5 in the 
reported frequencies. 

, Plate XVIII is a reproduction of the spectrum obtained, in which the stronger 
Raman lines of DNOj can be seen. All the Raman lines for DNO, are listed 
in the following table 
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Tablk I 

Raman shifts for DNO., (gS%) 


Wave-lengths of 
Raman lines 


Freqnviuies Shift in cm. 


4391.41 (sd) 

4474.48 (o) 
4480.20 (2) 

4515.01 (o) 

4538.7.^ ^41 

456r76 (i) 
46i9.g2 (10; 
4672,47 (2) 
4695.17 (2b) 
4741.80 (o) 

4769*53 ^ 

4882.1 (Band) 


2277^ 

166 

^2349 

.s8o 

22281 

667 

22148 

790 

22033 

0^5 

21921 

iot 7 

21645 

1293 

21402 

1536 

2129^^ 

1640 

21089 

1849 

20966 

1972 

20483 

2455 


For correlating the Raman spectra of DNOa with HNO,, we have taken a 
few photrgraphs with a sample of 80% HNO3. In table II, the Raman fre- 
quencies obtained by us are listed as also those by other workers working with 
100% acid. It will be seen that a new broad line with a shift of 1779 cm. has 
been obtained by us. 


Table II 

Raman Frequencies for too% Nitric acid 


Angu.s and 

Dadieu and 

Aledard and 

Leckie ^ 

Kohlrausch ^ 

Volkringer ^ 

608 (3) 

607 

613 

679 (4) 1 

667 

67 ,s 

924 (6) 1 

916 

923 

1^4 ( 2 ) 

— 

10.18 

1126 (0) 

— 

1 103 

1297 (8b) 

1292 

1295 

1407 (i) 


— 

1516 (1) 


1537 

1611 (0) 

— 

— 

— 

166s 

3679 

1699 

1687 

— 

— 

3420 

(Band) 

— 


derhold and ; 
W^eiss ® 

1 

Present 
Authors 
(80% acid) 

IMean 

607 j 

627 (2» 

623 (2) 

667 i 

682 ’ab) 

674 t2b) 

— 

935 (.0 

924 (5> 

__ 

1041 (2) 

1051 (2) 



— 1 

1115 {0} 

2291 

1302 (10b) i 

1 1296 (lOl 

! 

— 

! 1407 (i) 

1 


! 1527 (1) 

1 

— 

1 1611 (0) 

1665 i 

1674 i2) 

' 1679 (2) 

1687 i 

— 

— 



1779 (2b) 

1779 (2b) 

— ! 

- 

1 3420 (Band) 


From the intensities and natures of the lines for HNO.^ and DNO# acids it 

is easy to find out the wave-numbers for similar modes of vibrations. This is 

done in table III. 
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Table III 


Raman frequencies 
for HNO3 

Raman frequencies 
for DNO3 

j Lsotope shift in 

1 cm. 

Origin of vibration 

— 

! i66(2d) 


— 

613 (A 

! .SS9 (■■) 

26 

Pi 

674 U’l'l 

I 667 (7) 

7 

Pa 

- 

! >90* (0) 


— 

9*4 ( 5 > 

j 14^ 

1 

"1 

1051 (21 

I 1017 ( l) 

34 

ionic 

1115 (<’>) i 

1 — 

.... 

P 3 

1296 ilo ) 

J 293 1 1 0) 

3 


1407 (I) 

— 

— 

ionic 

1527 (0 

— 

1 

— 

16.47(0) 1 

I — 


j 

1685 (2) ! 

1536 (2) j 

149 

P 4 

1779 (2b) 

1640 (2b) 

139 

- 


1849 (<^») 

— 

— 

— 

1 Q 72 (O) 

— 

— 

3420 iBand) 

2455 (Band) 

935 

OH. OD bands 


n 1 s c u s vS 1 o N s 


Let us first consider the modes of vibrations in HNOj. In dilute solutions, 
the only line which gains in intensity is 1051 cni.~' and hence this line isregard- 
ed as due to the dissociated molecule of nitric acid. The NO3 ion has probably 
a piano-symmetric structure and the frequency 1051 represents the symmetric 
and parallel vibrations of the nitrogen atom. 


Venkateswaran^ has attributed the formula HO- to nitric acid and 


taking the configuration ABa, where ail the B atoms are different and the atom 
A at the apex of the pyramid, the Kaman frequencies of Nitric acid can be 
adequately explained. The two strong frequencies 924 and 1296 are to be 
attributed to the two parallel vibrations of the AB, group in nitric acid. These 
two vibrations are represented by <dj and Wa in table III. The four perpendicular 
vibration frequencies are 613, 674, 1115 and 1685. These are represented by 
Pi» Pa» P» table III. In Heutero-nitric acid the two corresponding 
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parallel vibrations are 90s and 1 2Q3. In DNO, thiee of the four perpendicular 
vibrations have appeared, namely 589, 667 and 1536. 

Venkateswaran has pointed out that the excitation of the line with an 
apparent shift of 1685 cm."' is due to 4046 line of mercury arc. The authors 
took a number of photographs by avoiding the 4046 group of lines with a con- 
centrated sodium nitrite solution and confirmed that the line is actually excited 
by 4358 line of mercury arc. There is also a similar type of line in DNOj at 
1536 with an isotopic shift of 149 cm"’. 

The band at 2455 with DNO3 extends over 150 w'ave-numbers and is due to 
the OD bond. The double lines, recorded as 167 in DNO., are probably to be 
attributed to lattice structure. 


R i; 1-' i<: R E N c !•: s 


' A H. Leckie, 7 >a«s. Far. 5 of., 82 , 1700 (1936). 

^ R. Ananthakrisbnan, Proc. hid, Soc,, 5 , 76(1936), 

3 Angus and Leckie, Proc, Roy. Soc. A, 149 , 327 (1935)- 
^ Dadieu and Kohlrausch, Naiurwisserischaftent 19 , 6g(> (1931). 

Medard and Volkriiiger, Compt. Rcmi., 197 , 83 (3934). 

® Aderljold and Wei.-^s, Zcit fih Phv\.. 83 , 83 {u)34). 

7 C. S. Venkateswaran, Pioc, hid Acad. Sci., 4 , 174 (193^^* 
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ELECTRICAL INTERFERENCE TO RADIO 
BROADCAST RECEPTION 

By S. P. CHAKRAVARTI 

AND f 

N. L. Dutr 

i 

{Received for pnblicatic^. May ij, 

ABSTRACT. The paper relates to studies of electrical interference to radio broadcast recep- 
tion on short and medium wave-lengths from tvpijcal Indian sources like d. c. ceiling fan, d. c. 
pumping installation, d. c. operated refrigerator, d c. operated electric tool, etc. After 
discussing the nature of r. f, interference signal, different methods of measurements employed 
elsewhere as well as the authors’ method were considered in details. 

The r. f . interference voltage input to the receiver (resulting from the normally polarized 
electric component of the direct radiation field of the source as well as that of radiation field 
of any wiring along which energy may have been conducted) has been measured at a 
typical distance on wave-lengths from lo to 550 metres for different sources. The effect of 
speed regulation of ceiling fans has been studied. 

Studies have been made on the state of polarization of r. f. ground wave interference 
signals. The ratio of abnormally polarized to normally polarised component has been measured 
on various wave-lengths for different sources, audits variation with speed in case of (eiling 
fans has been observed. 

Studies have been made on the propagation of r. f. interference signal in typical surround- 
ings. An attempt has been made to verify the view-point that the interference signal is 
propagated from the source to the receiving i-oint in typical conditions both (a) as radiated 
ground wave and (b) as w^ave conducted simultaneously by the electrical wiring lo the vicinity 
of the receiving equipment whence it may be radiated to be picked up by the same. Horizontal 
polar diagrams have been shown. 

Studies have been made as to the frequency components in the audio-frequency band 
resulting from r. f. interference signal from difierent sources and the distribution of power in 
the band. The effect of speed variation of ceiling fans has also been observed in this 
connection. 

The equivalent normally polarized and abnormally polarized components of the electrical 
field intensity (in mv/m) of the interference on different metre-bands at typical distance have 
been obtained for various sources. The ratio of broadcast signal strength to total noise strength 
has been estimated in a few cases. 


I. introduction 

Electrical Interference to radio broadcast reception is direct consequence of 
electrification for domestic, industrial, traction and other utilization purposes. 

7— 1387P— V 
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Direct-current equipments and systems are much greater offenders than alternating- 
current ones. Ceiling and table fans, pumping installations, refrigerators, 
vacuum cleaners, lifts, high-voltage transmission systems, converting plants, 
tramways, trolley-buses, automobile and aircraft systems, neon signs and electro- 
medical apparatus are known to have sources of interference associated with 
them. 

The usual locations of interference source in some of the electrical machines 
and systems are (a) commutators in d.c. fan motors; (b) commutators, switches, 
contactors, etc., in large d, c. pumping installations; (c) commutators, switches 
and relay circuits in d. c. operated refrigerators; (d) high-voltage switchgears, 
contactors, mercury-arc rectifiers, etc., in power systems ; [e) spark plugs, 
magnetos and electric horns in automobiles ; and (/) collectors, brake-magnet coils, 
etc, in tramway systems. 

Investigations on electrical interference from traction systems,® tiolley 
buses, high-voltage transmission lines, ^ electro-medical equipments,^ ^ auto- 
mobiles and air-crafts, ' have been undertaken by various bodies and solo workers 
in Great Britain, the United States and on the Continent. The methods of 
suppression and the legistations, relating to them have also I'eceived 

adequate attention. 

The conditions are much different in India and other tropical countries 
which, though much less industrially developed, need fans, pumps and refrigerators 
as household necessities. The direct-current supply systems still hold the 
field in majority of town areas in these regions. The chief interfering sources 
are therefore located in d, c. operated domestic equipments like fans, pumps 
and refrigerators out of which the d. c. fans may be called the worst type of 
offenders. Also it is evident that in majority of cases the sources of interference 
are situated either within the very premises of radio listener or in premises 
adjacent to bis. 

With the rapid expansion of radio broadcasting (specially of the short-wave 
type) in India during last five years, the demand for study of electrical interference 
on various wave-lengths from typical sources found here has considerably 
increased. The present paper has been an attempt to meet with the same and 
to obtain data suitable for broadcast designers. 

2 . NATURE OF R. F. INTERFERENCE SIGNAL 

The interference signal can be considered to be made up of signal components 
at various frequencies arising out of any variation in the electrical condition of 
circuit or circuits associated wdth the interference source under consideration. 
The more abrupt the variation in the condition, the higher will he the frequencies 
of the interference signal components. The frequencies of the signal components 
will vary with different types of electrical equipment as w^ll as with speed and 
pther conditions at which they are worked. 
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Oiffciencc has also been found to exist between similarly designed equipments 
of the same type but of different makes and even between individual equipments 
of same design and same make. Moreover, the type of maiiiteiiance applied to 
equipment makes lot of dilTerence to the interference caused by it. A badly 
maintained equipment causes much severe interference than a well-maintained one 
of the same design and make. 

The analysis of the audio output (|n Section 7) w’ell as the observation 
of oscillograph patterns (in Section 5) indicate that the interference signal 

spectrum for fans, pumping installatid|i and refrigerator is more or less 

( 

continuous. | 

Taking the specific case of conimutatoif of a d. c. motor it will be noted that 
deviation from linear commutation takes ^lace due to ‘reactance voltage ' (i.e.. 
self-induced e. 111. f. in the coil due to chajpige of current in it). This results 
in sparking between the brush and the l-eceding commutator segment whose 
duration is prolonged due to self-inducfion. During this small duration 
of sparking, the circuit conditions undergo rapid change. A steady spark 
condition giving a limited number of frequency components is rapidly being 
altered to unsteady spark conditioms giving lise to larger number of frequency 
components more or less as in a continuous spectrum. The greater the speed 
of the motor, the greater becomes the reactance voltage and consequently the 
greater the liability for siiarking. 

The electric equiimient thus legardedasa source of radio-frequency energy 
(almost of the continuous spectrum type) radiates wave-components of various 
frequencies in all direction. The receiver picks up the portion of the radio- 
frequency interference spectrum lying in the band accepted by it and reproduces 
it as audio noise in the loud*speakcr. It is likely that some radio-frequency 
energy is simultaneously conducted along the electrical wdring and re-radiated 
from a point to be also picked up by the same receiving eiiuipment. 

The plane of polarization oi the radiated giound-wave interference signal 
from fans, i>unip and refrigerator has not been found to l)c vertical as it was 
observ'ed by w^orkers elsewhere for other electrical equipments. Ihe interfeience 
signal is elliptically polarized. Measurement of normally and abnormall> i:>olaiized 
components of the electric vector at a receiving point (outside the influence of 
induction field) has showm that the strength of the latter component is about 
70 to 80 per cent of the former component. The ratio between the components 
has been found to vary with wave-length as well as with speed of the motor 
incorporated in the equipments. 

On tuning a receiver connected to an aerial designed to pick up, say , the 
Vertical component of the electric vector for a modulated broadcast signal of 

angular carrier frequency ‘ to the voltage input to the receiver due to broadcast 

signal will be 


Vg = A(i + cos pi) cos i^t 


(i) 
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and that due to the integral of the radio-frequency (vertically or normally 
polarized) interference spectrum lying in the band accepted by the receiver w ill 
in general be 

VEF*=ao cos + ^o] cos[(<o-f + ^i] + a2 cos[(c*) + ^2)^ “*■ ^2] ••• (^) 

where a>/27rs= broadcast carrier frequency ; i)/2?r«= modulating frequency; i>i/27r, 
^>2/2^, i>3/27r.,,are frequency differences between interfering voltage frequencies 
and carrier frequency; Oq, ^1, ^2,.,.are phase differences between interfering 
voltage components and signal voltage ; A = carrier amplitude (vertically polarized 
component), w=modulation factor; «o> CI2, are amplitudes of (vertically 
polarized) interference voltage components. 

3. M E A vS U R E M B N T OF INTERFERENCE VOLTAGE 

If the input to a receiver consists of modulated carrier and interference 
voltages, say, due to normally polarized (vertically) components represented as 
follows : 

V'rF = A(i + m cos pi) cos e^t + '^an cos [(w + ^n)f + ^«], ••• (3) 

then the audio-frequency output of the recei\er (vhich selects a band of 
frequencies, rectifies the resultant linearly, rejects all except a certain band of 
audio frequencies and introduces constant amplification to the frequencies selected) 
will be given by 

V' = K'x [Am cos pi-^Xan cos (pni’^^n)] ••• {4) 

where K' is a constant- Signal/Noise at the output — ; (4a) 

It will be seen that the interfering voltages appear undisturbed in the output, 
only their frequencies are changed to the difference between the original r. f. 
value and the carrier frequency. 

If the modulated carrier be regarded to be absent and only the integral of 
the radio- frequency interference spectrum in equation (2) when it tends to be 
continuous be the incoming signal, then it can be shewn that the audio* 
frequency electrical output of the receiver is approximately given by 

V=fex5a« cos + ( 5 ) 

where 0 =tan“*[Stan(/>it + 0 t)] 

and k=si constant. 

It will be seen that noise amplitude still remains proportional to 2a«, but the 
character of the noise is slightly altered from that of the previous case. 

Three distinct methods of measurement of electrical interference 

(depending upon the above calculations) have been employed elsewhere. In one 
method (used by Siemens and Halske), in addition to the interference voltage, 
a modulated carrier of frequency same as that of the broadcast carrier is introduced 
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to the input of the measuring set and the audio frequency noise output due to 
interference is measured by a specially designed peak voltmeter. In another 
method adopted by the British Post Office and lilcctrical Reseaich Association, 
the interference voltage is measured by means of a special \alve voltmeter 
associated with a suitably selective (superheterodyne) amplifier system. In the 
third method used in U S.A., the audio freqi^ency noise output due to inlcrfcience 
voltage alone (without introduction of carrict) is measured by a calibrated radio 
receiver provided with an output voltmeter. ' 

If the characteristic of the measuring ^^equipment be quite linear and the 
interference has continuous and fairly uiiiforiii spectrum, the introduction of 
carrier does not produce much diflerence. The same measurements carried out 
by both first and third methods have yielde4 results almost agreeing with each 
other. ? 

The method of measurement developed |here is similar to the third method 
with the important difference that, insteatd of measuring directly the audio- 
frequency electrical output, the audio-frequency acoustic output has been measured 
by a directional miciophone connected to an amplifier system. 

The loudspeaker as w'ell as the directional microphone-amplifier system 
have almost uniform response as w’ell as negligible distortion over the audio-band 
involved. The overall characteristic of the entire measuring equipment (i.t?., 
‘ radio-frequency interference input ’ vs. audio-frequency noise output of the 
microphone-amplifier V has been obtained fairly linear. 

The advan'ages of the method are as follows : — 

(a) The use of acoustic output enables an aural estimation of the intensity 
and character of the disturbance more or less as they would be in the actual recep- 
tion to be simultaneously made, and 

(b) the use of acoustic output is further helpful in distinguishing aurally the 
‘electrical noise* from the ‘atmospheric noise’ (which may happen to be picked up) 
and ensuring measurement of the desired disturbance only at all times in a tropical 
country (where the atmospheric disturbance is prevalent throughout the year). 


FRAME /C 



Fig. 1 shows the block schematic diagram of the measuring equipment, 
is a square frame aerial with lo turns of 7/34 copper conductor (outer 
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dimensions “84 cms. X84 cnis. and spacing between turns= 1.2 cms) all in the 
same vertical plane rotatable about vertical axis and has been rendered free of 
‘^antenna effects’' both in normal (aligned) and cross positions. This aerial 
shown in Fig. i has been used for measurement of vertically or normally 
polarij^ed component of the electric field intensity for which the frame is placed 
with its plane in the direction of the source and observations taken at hours 
when other sources in the same or other directions are not in action. A horizontal 
aerial (rotatable about horizontal axis) has been used for horizontally or abnormally 
polarized component. 

R is high'class superheterodyne receiving unit designed for medium and 
short wave bands in which A. V. C. can be switched on and off. The internal 
noise output (electrical) of the unit is about 100 to no micro-volts over the audio- 
frequency band which is about 100 db below the minimum electrical interference 
output. L is a high-quality loud-speaker of moving-coil type incorporated in 
the receiver unit and has uniform response and negligible distortion over the 
audio-band involved. 

M is a velocity ribbon microphone of uniform response and negligible dis- 
tortion over range 30-10,000 c.p.s. fixed at a distance of 4" from the loud-speaker 
for all measurements. The velocity ribbon microphone has been selected for 
picking up the acoustic output for the following reasons (a) Its internal noise 
level is about the lowest ; [h) its response characteristic on the low-frequency 
side extends uniformly up to 30 c.p.s. and it has therefore been deemed suitable 
for picking up acoustic output of interference consisting of very low frequencies 
as well ; (c) it is a directional microphone most suitable for these measurements 
since it is undesirable for it to pick up sound from directions other than from 
the loudspeaker of the receiving equipment ; and {d) there is no harmonic dis- 
tortion in such a microphone. 



** iO 2 
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A is an audio- voltage amplifier unit which is linear and has uniform ampli- 
fication characteristic over the range 30-9000 c.p.s. V is a special valve voltmeter 
for measuring audio voltage across a n on-reactive impedance connected across 
the amplifier output. 

The measured overall characteristic of the entire equipment showing r.f. 
receiver input (Vbf) against audio noise voltage output (Vaf) of the microphone - 
amplifier is shown in Fig, 2. The variation Of the effective height of the frame 
aerial shown in Fig. 1 with wave-length is alpo given in Fig. 2. 

4. R.F. TNTKRFERKNCE VOIv^AGE DEVELOPED FOR 
DIFFERENT SOURCES 

Measurement has been made by equipintot in Fig. i on the r. f. interfeience 
voltage input to the receiver lesulting fi^m the vertically polarized electric 
component of the direct radiation field of sotirce as well as that of radiation field 
of any wiring along which energy may have been conducted. 

J. D. C. Ceiling Fan 

The d. c. ceiling fan is generally regarded to be the worst offender. The 
site of interference source in the fan is the commutator. 

(a) Ceiling fans of same design and horse^poTx'er but of different makes 

Four ceiling fans (Walter Lock, Dayton, India Electric and Bengal) each 
of about 1/10 H.P. with same service age and same degree of maintenance 
applied to them have been examined. 



FiG. 3 
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Fig. 3 shows the radio-frequency noise voltage input (Viif) into the receiver 
at various short and medium wave-lengths (the band-width associated with each 
wave-length being about i6 kc/s) measured at 50 feet from the source which is 
outside tlie influence of the induction field of the source. The distance over 
which the effect of induction field can be reasonably expected to exist depends 
upon the frequency (or wave-length) as w^ell as upon the strength of comnnttator 
sparking current component at the frequency . The speed regulator in all cases 
is adjusted for 300 r.p.m. 

It wdll be seen on comparison of the experimental curves that (a) the ** Bengal 
Fan ** gives in general the lowest noise voltage level for wave-lengths in short and 
medium wave bands, (b) all the four fans examined give very high noise voltage 
on the wave-length ranges 55-80 metres and 150-250 metres, (c) all the fans 
(except the Bengal fan) give high noise voltage on the wave-length range 13-15 
metres, 26-2S metres, 35-45 metres, 1 30-150 metres and 250-350 metres and (d) all 
the fans give low noise voltage on the wave-length range 16-22 metres, 28-32 
metres, 45-50 metres, 90-110 metres and 400-545 metres. 

(b) Effect of speed regulation 

Four ceiling fans (Walter Lock, India Electric, Siemens and Bengal) have 
been examined for the effect of speed regulation. Investigation has been carried 
on three speeds — “full/' “medium" and “slow." Full, medium and slow 
speeds were respectively 520, 300 and 120 r.m.p. for Bengal Fan ; 380. 250 and 
100 r.p.m. for India Fan; 350, 220 and 100 r.p.m. for Siemens Fan and 250* 
150 and 80 for Waiter Lock Fans fitted with our regulators. 



Fig. 4(a) 
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Fig. 4(tf)j 4(^)> 4(c) and 4(d!) show the radio-frequency noise voltage input 
(Viif) into the receiver at various short and medium wave-lengths measured 
at 50 feet from the sources under different speed conditions. 

It will be seen from the figures that, on decreasing the speed, the radio- 
frequency noise voltage (Vkj ) at the various short and medium wave-lengths 
decreases. It will be noticed that the' peaks (obtained at full speed) on certain 
wave-length ranges in case of Walter Lock and India Electric fans get 
reduced or disappear when the speed is reduced to ‘slow’ and thus the effect of 
speed reduction is to decrease or eliminate completely the interference on certain 
wave-lengths. 

Table I shows the reduction of noise level in decibels on speed reduction on 
typical wave-lengths. 


TabIvK I 


Fan 

Wave-length 

Reduction of noise voltage in db on changing from 

Make 

(metres) 

I Full to medium speed 

h'ull to slow-speed 

Walter Lock 

70 

8.7 dl> 

19. 1 db 


1 200 

6.1 „ 

17 3 ,» 

India Electric 

66 

30 M 

ii.o „ 


170 

9.0 1. 

18 I „ 

Siemens 

60 

2.0 „ 

9.0 „ 


200 

2.0 „ 

4*0 „ 

Bengal 

66 

5-0 

13-0 .. 


200 

3.0 „ 

10.4 ,, 


//. D, C, Pumping Installation 

The d. c. pumping installation (whether for domestic or other purpose) 
interferes severely with the broadcast reception. The sites of interference sources 
^ in the installation are commutator, switchgear, contactor, etc. 

Measurements have been taken on, a d. c. pumping installation with 2 H.P. 
G.E.C. motor at 200 feet from it, the motor running at abopt the full speed 
(^8,000 r.p.m.), 




Electrical Interference to Radio Broadcast Reception 37$ 



Fin. 5 


Fig. 5 shows the radio-frequency noise voltage input (Vnr)’ at various short 
and medium wave-lengths measured at 200 feet from the source. 

It will be seen therefrom that the noise voltage is (a) considerably high on 
the wave-length range 175-240 metres, (b) quite high on about 14 metres and 
on wave-length ranges 42-72 metres, 92-175 metres and 240-400 metres and (c) low 
on other wave-lengths. 

It would also appear that a d. c. pumping installation of the type would 
not, in general, interfere with short wave-lengths from 12 to 40 metres (except 
on 14 metres). 


III. D. C. Ot’crated Rcfiigeratoi 

The refrigeratoi operated from the d c. mains causes interference on a 
comparatively larger number of wave-lengths in short and medium wave bands. 
The sites of interference sources in the refrigerator are commutator, switch and 
relay circuit. 

Measurements have been taken on a typical refrigerator manufactured by 
Frigidaire Co. (U.S.A.) and fitted with J-H.P. motor at 50 feet from it, the 
motor running at about the full speed (1200 r.p.m.). 

Fig. 6 shows the radio-frequency noise voltage input (Vbp) at various short 
and medium wave-lengths measured at 50 feet from the source. 

It will be seen therefrom that unlike other sources (previously discussed) 
the refrigerator causes disturbance over larger number of wave-length ranges. 
The noise voltage is (a) very high on range 38-46 metres and on 120 metres, 
(6) high on ranges 36-38 metres, 46-88 metres, 1 10-120 metres, 130-150 metres 
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Fig. 6 

and 250-450 metres and {c) low on other wave-lengths specially on the range 
12-36 metres. 


5. POIvARIZATTON OF GROUND-WAVE 
INTERFERENCE SIGNALS 

To examine the state of polarization of the ground-wave interference signals, 
a receiving point outside the influence of induction field has been so chosen 
that there are no radiating wirings in the vicinity of the point to modify the 
receiver input voltage developed from the electric component (vertically polarized 
or horizontally polarized) of the direct-ray field. The consideration of sky ray 
does not come in at all for distance involved here. 

For obtaining r. f input voltages due to vertically polarized and horizontally 
polarized components of the electric vector, aerials of the type discussed in 
section 3 have been employed. Knowing the voltages developed in the aerials 
and their effective heights, the ratio of horizontally polarized component ) to 
vertically polarized component (E\ ) has been estimated at various wave-lengths. 



» no too «90 IPO 9W> w m 

m MtTIICI ^ 


PlO,Z 
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Pig, 7 shows the ratio plotted against wave-length for ceiling fan (i/io 
H.P.), pumping installation (a H.P.) and refrigerator (i H.P.) situated at 
50, aoo and 50 feet respectively from the receiving point. It will be seen that 
the ratio (Eh/Ev) decreases on wave-lengths above 400 metres and also below 
40 metres and that the average ratio for equipments examined varies from 0.7 
to 0.8 over the range 40-400 metres. 



Fig. 8 shows the ratio plotted against wave-length for ceiling fan at three 
different speeds. It will be seen that the ratio decreases in general as the speed 
is reduced. 

The ratio of the components as well as the elliptical patterns have also been 
obtained by an alternative method— by connecting up the vertical and horizontal 
aerials of almost same effective height to two exactly similar superheterodyne 
receiving units (loud-speakers disconnected) with same beating oscillator and 
applying their electrical outputs to two pairs of plates of a cathode-ray oscillo- 
graph tube. Fig. 7 shows that ratio En/Ev for “Siemens fan ” obtained by 
cathode-ray oscillograph and previous method is more or less in agreement. 
Patterns observed at various wave-lengths from 19 to 450 metres show a number 
of ellipses (due to various interference signal components accepted by receiver) 
superimposed on one another, some of them being more agitated than others. 

6. PROPAGATION OF R- F. INTERFERENCE SIGNAL 
IN TYPICAL SURROUNDINGS 

The mode of propagation of r. f. interference signal from the source to the 
receiving point (in typical surroundings) is more complex than that of either 
atmospheric disturbance or broadcast signal. In majority of cases the sources 
of interference are situated either within the very premises of the listener or in 
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premises adjacent to his. It is only in exceptional cases that badly maintained 
electrical equipments interfere with radio reception at distant receiving points. 

Taking the common case, it will be realized that a number of electrical 
wirings of various types invariably run vertically or horizontally or both ways 
b2tween the position of interfering equipment and proximity of the receiving point. 
It is more or less impossible to ignore the part played by them in modern 
premises. It may therefore be said that the interference signal is likely to be 
propagated from the source to the receiving point (situated outside the influence of 
induction field of the source) simultaneously {a) as radiated ground wave and (b) 
as wave conducted by the electrical wiring to the vicinity of the receiving aerial 
whence it is either radiated to be picked up by the receiving equipment or 
transferred to it by induction depending upon separation between wiring and 
receiving aerial, wave-length, power, etc. The consideration of sky ray for 
distances involved here does not arise at all. 

The propagation of signal along the electrical wiring can take place either 
as that of potential difference betw^een the two conductors themselves or of 
potential difference between the mean potential of conductors and earth known 
in subsequent paragraghs as *symmetricar and ^asymnietricai' propagations 
respectively. 

It will be seen in the following portions of the present section how far the 
mode of propagation suggested above holds good in an actual case. Table II 
shows the measured values of r. f . interference voltage input resulting from the 
vertically .polarized electric component of the radiation field of the source as 
well as of any wiring radiating the conducted energy. 

Table II 



Ceiling Fan— 

■Walter Ivock 

Electric Tool— Electromag. Tool Co. 

Distance from 
source (yds.) 

R. F. Voltage input (niv.) on 

R. 1'. Voltage input unv.) on 


15 111. 

A =450 m. 

A = i5 m. 

A =400 nj. 

10 

14 

4-5 

. 160 

42 

15 

7 

3-5 

82 

31 

20 

4-5 

2.0 

29 

2$ 

25 

3 

I.O 

14 

24-5 

30 

I 

0.5 

10.05 

23.5 

50 

0.4 

0.2 

6 

21.6 
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Calculation of t, /. noise voltaic input 

The r. f. noise voltage input due to vertically polarized electric component 
of the direct radiation field of the source as well as of wiring radiating the condut- 
ed energy has been calculated for ceiling fan and electric tool . 

/. C etling fan — Waltci Lock (i/ lo tL P.). 

The necessary design data for inotof in the above ceiling fan are as 
follows : — 

t 

Armature diameter — Da =9 cms. ; I 

Commutator diameter = D<.= 4 cms. ; ;■ 

Effective embedded length of loop of cc)rnmiitated coil = /,. = 12 cms. ; 

Effective free portions of loop of comiiuj^tated coil = Z/ — ; 

Number of turns/slot =M = 7o ; 

Number of poles = w = 2 ; 

Armature current =* 1 ^ =04 amperes ; 

Brush contact resistance — 1 * = 5 ohms ; 

R. P. M. (at full speed) = 250 ; 

Brush thickness — 6 mms. ; and mica insulation thickness=i mm. 

Then, by calculation, 

Current in commutated coil 1 ,. ~ 1 a /tj=o.2 amperes. 

Lc ==time of comiiiulatioii (during which current change take place) 

== .01 sec. 

E— 8M^ (Zf. +0.J//O X Henries = 128 X 49 X Henries. 

IC, = Reactance voltage (sparking voltage) 

= E. ~ — - X 10“^ volts = L- lo"*® volts. 

i c / 

= 250 itlV. 

I, =sparking currenl = 5o ni.a. (max.). 

The sparking current for this fan may be regarded to consist of current 
components of various frequencies (almost as in continuous spectrum from 0.5 
Mc/s to 30 Mc/s. The representative cuirent strength (I) (for vertical compo- 
nent) over a band-width of 16 Kc, s {l.e., 8 Kc/s on either side of the frequency 
under consideration) associated with 0.66 Mc/s {i.c., 450 metres) component may 
be estimated to 2 m.a. and over the same band-width associated with 20 Mc/s 
(i.e., 15 metres) about 0.5 m.a. 

The euqivalcnt effective height of the fan aerial at 0.66 and 20 Mc/S has 
been arrived at to be 58.5 metres and 6.5“ metres respectively. Taking appro- 
priate absorption factor A, for medium and short wave-lengths, the vertical 
component of electric intensity of the direct (radiation) field in the tvvo cases has 
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been obtained from the equation 

Ei- =377 .-^Ai mv/m (6) 

where h and \ are in metres, D in Kms. and I in amperes. The voltage developed 
in the receiving aerial of effective height hr is given by 

V<.=Ev .hr ... (7) 



Fig. 9(a) Fig. gib) 


To calculate the voltage developed in the aerial (V,') on account of the 
vertical component of radiation field of electric wiring along which the inter- 
ference voltage has been conducted from the source to the vicinity of the receiv- 
ing aerial, use has been made of experimental curves (Figs. 9) showing coupling 
factor (R. F. voltage on the mains wiring at the point divided by interference 
voltage in aerial) for different separations betw'eeu the wiring and the 
aerial. Transmission over mains has been considered both for symmetrical and 
asymmetrical conditions which give results not much different from each other 
in this particular case. The total r.f. noise voltage input==VBF =Vr +Vt since 
individual voltages Vr and Vj due to pure radiation and conduction - radiation 
respectively are in the same phase. 

Table III show’s the voltages arrived at by calculations. 


Tabi.e III 


Distance from 


A = 15 metres 



A **450 naetires 

source <yds.) 

V. 

V, 

V«K 

V. 

V, 

Vrf 


(mv.) 

^mv.) 

(mv.) 

(mv.) 

(mv.) 

(mv.) 

10 

ia.96 

0.28 

13.24 

3.78 

‘37 

4.15 

90 

4-05 

0.17 

4.22 

1.89 

.22 

2»II 

50 

1.3 

O.II 

1.91 

1.26 

‘IS 

I.4I 

50 

X.08 

0.07 

i.iS 

0.76 

.14 

0.90 
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IL Electric Tool — (lUectro-magnetic Tool Co,) {1I4 H. P,), 

The necessary design data for motor in the above tool are as follows : — 
Armature diameter- D a ==5cnis. ; 

Commutator diameter =Dc 2.5 cms. ; 

Effective embedded length of loop of commutated coil-/, = 10 cms. ; 

Effective free portions of loop of commutated coil = / /• = -3 .P " j 

No. of turns/slol== M = 2uo ; 

No. of poles=« = 2 ; 

Armature current = J ^ =0.9 ampere ; 

Brush contact resistance = =5 ohms ; (Brush thickness = 4 mm. ; 

Mica insulation thickness=i mm. ; 

R. P. M. (when at full speed) = 500. 

Then, by similar caiculations as before, |,=o.45A ; /,=time of commuta- 
tion =.005 sec.; L = 3 cS 4 X ; sparking voltage E,=6.9V and sparking 

current I, = 1,4 A. 

With similar consideration as in the previous case, the representative cur- 
rent strength (I) (for vertical component) over a band-width of 16 Kc/s associated 
with 0.75 Mc/s 400 metres) component may be estimated to about 31 m.a. 

and over the same band-width associated with 20 Mc/s (/.c., 15 metres) to about 
II m.a. The equivalent effective height of the tool (placed at 7 feet above 
ground on an insulating stand) at 0.75 and 20 Mc/s has been obtained to be 34 
and 3 metres respectively. The voltage developed in the receiving aerial due to 
vertical electric component of direct ladiation field in two cases has been similarly 
calculated. The voltages developed in the receiving aerial clue to radiation from 
wiring under symmetrical (S) and asymmetrical (A) conditions are much different 
in this case. 

The r.f. noise voltage input t(^ receiving equipment is showui in Table IV. 

Tadi.^ IV 




A = 15 nu‘tri*s 


A - 400 metres 

Distance from 
source <yds.) 

V, 

(niv.j 

V, Vm 

U 11 V.) (mv.i 

S A i ! 

1 V. 

I (mv.) 

V. 

(mv.) 


IO 

125 

•25 

.(»7 

1 ■25-25 

125.07 

4113 

.32 

.oS 

41-45 

41 .21 

20 

39 

.8 

.14 

39 -« 

39 14 

20.14 

1 .0 

.18 

21.14 . 

1 

20.32 


18 

.3 

.8 

1 18.3 

18.8 

14.0 

.4 

.11 

14.4 

14.11 

50 

15-4 

.24 

.6 

15.64 

16,0 

10.5 

1-5 


12.0 

II.O 


9 — 1387P— V 
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Fig. lo(fl) 
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Fio. io( 6 ) 


Fig. io(a) and 10(b) show the measured and calculated variations of r.f. 
noise voltage input with distance. It will be seen that complete agree- 
ment between theoretical and experimental curves has not been obtained due to 
certain uncertain factors involved in calculations which cannot be eliminated. 
It is likely that in actual case more than one electrical wiring has been taking 
part in conducting the signal and radiating it from various points. 


Horizontal polar diagram of sources 

The horizontal polar diagrams of sources installed in typical surroundings on 
representative wave-lengths in medium and short wave bands have been obtained. 
The variation of r.f. noise voltage with distance in different directions depends 
upon (a) the nature of structural construction and fittings at various distances in 
different directions and their conductive properties, ( 6 ) the distance, (c) the 
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frequency or wave-length, and {d) the proximity or presence of electrical wirings 
at various distances in different directions. Diagrams obtained for («) Dayton 
ceiling fan and (b) (l.U.C. pump motor are shown in Figs. iiOf) and 11(b) respec- 


tively. 

lU^ VTON 

^MWRlZONTAt >OLA1» OtAuKAM) 

——O' — 15 METWEi 


^ - -A'-SOOMt^TMES 

S.Q'fOS ntSlANCI ItALI - 



G E C PUMP MOTOR 
(^MonaoNrAi polar diagram) 

— -O '5 Mf TRti 

_ -500 METRE 5 


tHSTANrt TCALC. 



20 YD» 

s 


Fir;. Ilia) Fig. 11(h) 

Tt will be seen therefrom that (a) Dayton ceiling fan gives on 15 meties 
almost the same r.f. noise voltage at the same distance on all sides and on 500 
metres greater noise voltage at the same distance on the western side, and (b) 
pump motor gives on both wave-lengths the lowest r.f. noise voltage at the same 
distance on the south-eastern side- 

I'or the ceiling fan the greater noise voltage on the western side may be due 
to the presence of wiring on that side and for pump motor the lowest noise 
voltage on the south-eastern side may be due to the screening effect of the rest of 
the motor behind the commutator C, the other factors remaining the same. 


7 ANALYSIS OF A 0 D I O NOISF 

The section relates to study as to the frequency components in tlie audio- 
frequency band re.sulting from r.f. noise voltage input and the distribution of 
power in the same. 

It has been discussed in .section 2 that an electrical equipment is more or less 
an interference source of continuous spectrum type and fuithci the icceiver picks 
up the r.f. interference spectrum lying in baud accepted by it. 

The frequency conijionents in the audio noise band shall depend upon {ci) the 
r.f interference spectrum about the r.f. frequency under consideration and the 
degree to which it could be regarded as continuous and (6) the band-width 
accepted by the receiver employed; uhereas the distribution of power iu the 
band shall depend upon (a) the amplitudes of the radio frequency components in 
the portion of spectrum accepted by tl.e receiver. (6) the degree to which the 
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interference spectrum could be regarded as continuous, and (c) the performance 
of the receiver with regard to the various components in the band accepted. 

P'or analysis and estimation of powei in different portions of the band, the 
output of the microphone amplifier in Fig. i has been arranged to pass through 
each of the several narrow band-pass filters of negligible attenuation at a 
time. From measurement of the total output voltage as well as of output voltages 
of the several filters (the voltages toeing measured across the same impedance), 
the distribution of power in different portion of the band has been ascertained. 

Table V shows the results of analysis on the pick-ups of r.f. interference 
spectrum (vertical component) from ceiling fans running at different speeds on 
short and medium wave-lengths. 

It will be seen therefrom that (a) the frequencies in the audio noise band 
roughly lie between 30 and 8000 c.p.s. and (h) over 80 to go % of the power is 
within the range 30 to 800 c.p.s. and over 42 to 53% of the power is in the 
range 30-150 c.p.s. Further it will be observed that the effect of motor speed 
variation on the distribution of power in the audio band is complex. It can only 
be said that the effect of reducing speed is to lower the power percentage in the 
frequency range above 400 c.p.s. (except over portion of band 1200-2000 c.p.s. 
in certain cases) but the frequency limits of the audio band remain the same. 


Tabi.e V 





r,. E. C. Fan 





Kengai, Fan 





I’errentage noise voltage 


1 

Percentage noise voltage 


vSub-bands 







1 






of the 



1 

1 



i ■ 

1 






audio band 

A 

= 25 m 


1 A 

j 

~ 300 in . 

1 ^ 

= 25 m 


A 

= 350 ui. 

(c.p.s.) 

Full 

Medi- 

Slow 

Full 

Medi- 

Slow 

Full 

TMedi- 

Slou 

1 

: I'uii 

j 

Med- 1 

Slo\^ 



um 



um 

uin 



ium 



% 

% 

yO 

29.6 

% 

29.6 

0/ 

/o 

% 

% 

0/ 

/o 

% 

i % 

% 

% 

30-60 

1 

23.1 

29.6 

29 6 

35.8 

36 

36 

40 

: 36 

40 

40 

60-130 1 

1 

19.4 

19.4 

19.4 

12.9 

19*4 

13.2 

16.S 

19.6 

15-6 

1 19.6 

15*6 

20.9 


12.5 

1 

12.0 

12.0 

16.4 

9.9 

9.9 

14.8 

16.7 

16,7 

16.7 

16.7 

i 5’5 

250-400 j 

8.8 

8 1 

11.9 

4.9 

10.2 

10*2 

16.7 

14.0 

11 7 

11.7 

14 0 

9.9 

400-81 K) 

16.6 

14-9 

14. 1 

9.1 

7.8 

7-8 

6.2 

5*5 

6.2 

i 7.8 

5.5 

5*5 

800-1200 

9.4 

5.8 

2.8 

II . 1 

7 *x 

lO.I 

4-6 

2.9 

4*5 

1-7 

2.9 

2.9 

1200-2000 

2.5 

3.5 

4*4 

«*3 

9*3 

6*3 

1.3 

2*3 

2.3 

3.5 

2.3 

2.3 

2000*4000 

6.2 

5*7 

4.8 

6.2 

5*7 

5*7 

2*7 

2.0 

1.7 

2.1 

1.7 

3.1 

4000-8000 

1-5 

I.O 

I.O 

1*5 

I.O 

I.O 

1*3 

2.0 

1*3 

0.9 

1.3 

0,9 
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Table VI shows the results of analysis on similar pick-ups from pump and 
refrigerator. It will be seen therefrom that about 90% of the power is within 
the range 30-1200 c.p.s. for noises both from pump and refrigerator. 


TABi.e VI 


i 

i 

PtTMP 


Refki(;rrator 


Sub- bands ' 

- 




iltage 

of audio band 

Percentage ntiisc 

voltage 

Percentage noise v 

fc.p.s.) 

- 




— 

1 

A - 15 in 1 

A - 300 ab- 

A — IS 111, 

A- 

3<M> ni. 


0 1 


0 / 

/o 


% 

30-60 

j 

12.0 ' 

19.4 


i 5'3 

60-150 

.7.8 ; 

16.9 

i 3-5 


17.6 

150-250 

5-7 

5.3 

10. 1 


16.1 

450-40U 

9-7 

8.7 

16.7 


10.0 

400 800 

7.<S 

S 1 

17.0 


147 

800-1200 


6.3 

11.2 


13‘5 

1200-2000 

1 2*6 

4.8 

7‘5 


6.2 

2000-4000 

1 S .7 

6.4 

37 


5 0 

4000-8000 

I ^’S 

1-5 

1.6 


1.6 


8. E S 1' I M A T I O N OF S I G N A L / T O T A b N O I S !•; ON VARIOUS 

M E T R E - B A N D vS 


The section relates to the representative values of ^’equivalent) interference 
field-strength on various wave-length bands {accommodating the broadcasting 
stations) at the receiving aerial situated at given distance from the source outside 
its induction field as well as the estimation of the ratio of signal to total noise 
(including "atmospheric” and *' man-made static ) and is meant for direct 
application to the actual problem. 

The estimated equivalent field-strength values shown here foi short v\ave- 
length bands can be taken as representative figures for the whole of the wave- 
band associated with the various wave-lengths as follows: ii-metre band 
{25.6-26.6 Mc/s) ; 13-metre band {21.45-21-75 > 16-metre band {17.75-17.85 

Mc/s); 19-metre band (15.1-15-35 Mc/s): 25-metre band {11.7-11.9 Mc/s) ; 
31-metre band (9.S-9-7 Mc/s); 41-nietre band ( 7 - 2 - 7.3 Mc/s); 49-nietre band 
(6.0-6.2 Mc/s) ; 60-nietre band ( 4 - 9 - 5 -I Mc/s); 80-metre band v3.65-3-85 Mc/s) , 

and 90-metre band {3.43-3.23 Mc/s). ,, u j 

Those shown for medium wave-lengths are representatives for smaller ban - 

width of about i8 kc/s associated with each of them. 
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Table VII gives the equivalent iioriiially polarized conii>oiieiit of the 
electrical field inteusity (in milli-volts/ metre) on different wave-length bands. 
The distance of the source from receiving aerial has been 50 feet for ceiling fan 
and refrigerator with wiring running in a normal way and 200 feet for pumping 
installation without much wiring nearby. The equivalent abnormally polarized 
component of the electrical field intensity can be obtained by multiplying the. 
figures in Table VII by the ratios of Kh/Ev shown in Figs. 7 and 8. 

Tabi.e VI T 


Milli-voUs/nictre on metre-bands 


Source 

21 


16 

j.. 

25 

■V 1 41 

1 

! 49 

bo 

80 

; go 

250 

35 ^' 

’i) India Blectric Ceiling 
Fan (i/io H.P.) 

1 2 

2 8 

2.4 

I.O 

1.03 

10 1.67 

4 0 

40 

8.2 

3.0 

33-3 

9.2 

(2) Frigidaire and Co. Re- 
frigerator (motor horse 
power - 1/4 H.P.) 

0 

0.4 

0.8 

0.25 

I 

0 86 

067 8.3 

14 

14.7 

! 

23.6 

12 

13 

iS-9 

(3) G.B.C. Pumping Instal- 
lation (motor horse 

power = 2 H.P ). 

0 

0.7 

0-3 

1 

0 

1 

0.22 

0.25 1.25 

10.5 

9 

0.9 

4 

1 

52 

41 


450 


5*4 


16.2 


8.1 


Table VIII 


Signal /Total Noise Ratio 


19-mctre DHblll 


25-inctre DliLIlI i 370.mctre CALCUTTA 


Electrical 

source 

Signal Strength 
(qtiasi-iiiax) 

.Atmospheric 

strength 

Man-made 

strength 

Ratio 

Signal strength 

1 quasi- maxi 

Atmospheric 

strength 

Man-made 

strength 

Ratio 

1 

1 

1 

! 

1 

Signal strength 

.Atmospheric 

strength 

Man-made 

strength 

1 

1 

1 Ratio 


niv/m 

mv/m 

mv/ni 

db 

1 

inv/m 

i 

mv/ni 

rav/m 

db 

mv /m 

mv/ni 

niv/ni 

db 

(i) India Elec- 
tric Ceiling 
Fan (at 50 ft. 
distance). 

3*0 

1 

0.2 

I.O 

8 

40 

1 

^>•3 

1.03 

1 

96 

1 20 

3 

54 

23 1 

(a) Frigidaire 
& Co. Refri- 
gerator (at 
50 ft. dis- 
tance). 

3-0 

1 

i 

0.2 

0.25 

16.4 

4.0 


0.86 

10.8 

120 

1 

3 

16.2 

16.0 

(3) G. E. C. 
pumping ins- 
tallation (at 
200 ft, dis- 
tance). 

3-0 

0.2 

0 

23-5 

4.0 

0.3 

0.22 

17.8 

120 

3 

8 I 

20.8 
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It will be seen that by taking all the sources examined (a) the ii, 1 6, 19, 
25, and 31-nietre bands appear to be the best for use and (6) the 13, 41, 90 and 
400-metre bands are better than others. 

The ratio of signal /total noise has been estimated for three cases, namely, 
(a) Delhi 19-inetre day transmission, {h) Delhi 25-metre night transmission and 
{c) Calcutta 370-metre medium wave transmission as shown in Table VIIT. 
Normally polarized components for both signal and tioise were taken. Signal 
strength as measured at the Communication Engineering I/aboratories (Calcutta) 
during March- April, 1941, atmospheric peak ^strength as measured^* during 
summer (non-thundery days) and man-made |slaHc strength as obtained above 
have been taken to estimate the ratio. t 
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X-RAY DIFFRACTION METHOD* 

By K. das GUPTA^ S. R. DAS 

AND ’ 

B. B. RAy 

(Received for puhlicatUm^ May 77, 194/j 

Plate IX 

ABSTRACT. The transformation of mouoclinic jieleniuni into metallic (hexagonal) form 
has been studied by the X-ray diffraction inethofi and it has been found that the period of 
transformation depends on the temperature, c.g., at it takes one hour, at 8o*C, 15 days, 
and at 65 °C more than 17 days are required for complete transformation. The transition is 
monotropic. 

The amorphous varieties soften even at 38*0 (the melting point of metallic selenium being 
217*0 and on X-ray diffraction analysis three broad bands coinciding in position and intensity 
with the three distinct groups of lines of the crystalline varieties are obtained. It has been 
'found that the vitreous selenium de vitrifies even at 28 ®C and the devitrified mass gives 
crystalline pattern. 1'he rate of devitrification and the transformation into the crystalline 
modification depends very much on the temperature. The surface of the sample of vitreous 
selenium supplied by Dr. Grippeuberg preserved in his laboratory in Finland for seven years 
(the maximum temperature throughout the year being below 27*Cj when examined was found 
to be crystalline, while the internal portion of the sample gave diffuse broad bands. 

It has also been shown that at a very W temperature the devitrified product is purely 
monoclinic and at a high temperature it is purely hexagonal. There are intermediate tem- 
peratures at which both monoclinic and hexagonal varieties are produced. 

Accurate measurements of the spacings corresponding to the band' obtained with samples 
of vitreous selenium heated for different periods at 38T wShow that the band spacing is a 
continuous function of the period of heating. Now’ as there is a regular growth of .size of the 
crystallites present in vitreous selenium with the period of heating, it is clear that the band- 
spacing is a function of the .‘^izc of the crystallite. Our experimental results thus sati.sfy the 
theoretical work of Lenard Jones, t'/;:., that the lattice constant slujuld be a function of the 
particle size. The band spacing cui responding to the sample of amorphous selenium coagu- 
lated from the colloidal solution is 3.8 A.U. while that of the vitreous .selenium heated for 
60 hours at 38 “C is 3.4 A.U. only. 


INTRODUCTION 

Vitreous seleniutUi the most well-known amorphous variety, obtainable in 
the form of black sticks, can be easily prepared by rapidly cooling molten 

• Communicated by the Indian Physical Society, 
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selenium. Selenium thus obtained is a brittle black substance having average 
density of 4.28 gms./c.c. On heating, gradual softening commences at 5o®C. 
The red precipitated selenium or red amorphous selenium is prepared by the 
reduction of selenious acid with sulphurous acid, glucose, etc. Its behaviour on 
heating is the same as that of the vitreous selenium. The density of this variety 
is 4.26 gms./c.c. Both of the foregoing varieties are partially soluble in carbon 
disulphide. 

Red monoclinic selenium is obtained when CSa solution of amorphous 
selenium is allowed to crystallise by evaporation at the room temperature. The 
density of this variety is 4.44 gms./c.c. at o®C. It melts at i7o''C and the 
transformation into metallic or hexagonal form begins slowly at I20°C. Metallic 
selenium, the hexagonal variety, is the most stable form and is obtained by the 
transformation of the above-mentioned forms of selenium. The density is 
4.78 gms./c.c. at o®C and melts at 2i7°C. The boiling point is 690^0. The 
electrical conductivity of metallic selenium is exceedingly small in the dark but 
on exposure to light the resistance deminishes in a remarkable manner. Selenium 
can also be obtained in colloidal state by the reduction of aqueous solution of 
SeOa by means of requisite quantity of SO2 or glucose. 

Bradley* has determined the structure of the hexagonal selenium (the metallic 
variety). The structure of the mciioclinic selenium has been determined by 
Klug.* Prins and Dekeyser * studied by X-ray diffraction method the crystal- 
lisation of vitreous selenium. Their conclusions may be summarised as follows : 
(a) The transformation of the vitreous selenium into the hexagonal variety may 
take place at 6o®C if a thread of vitreous selenium be kept under tension at that 
temperature, ih) In the absence of any tension the crystallisation does not take 
place below 73®C. 

The representation made in this paper comprises the results obtained during 
the course of a systematic study of the various modifications of selenium, under 
different physical conditions by X-ray diffraction method. 

Experimental method , — The usual powder photograph*’ method was 
adopted in our investigation. The tube was operated at 35-40 K.V. with a 
current of 5-6 M.A. Hemicylindrical cameras were used since the usual method 
of comparison of intensities of different rings are tenable only when the rays 
travel the same distance before falling on the X-ray film. Two hemicylindrical 
cameras, having radii 2.888 cms, and 1,814 cms, respectively, were used. In order 
to heat the sample during X-ray exposure, the sample was pressed against the 
slit cap or introduced within a thin-walled capillary which was surrounded by an 
electric heater. The electric heater consists of a syndanio bobbin, wound with a 
nicbroine wire resistance, tightly fitting the slit tube. The temperature of the 
sample was measuied by a calibrated copper-constant an theimccouple. For high 
temperature work, the film was cooled by circulating water through a metallic 
jacket pressing the film. 
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Allotropes of selenium, — Black vlticous seleniuui was prepared by rapidly 
quenching boiling liquid selenium in ice-cold water. Selenium thus obtained 
formed a hard shining black vitreous mass showing conchoidal fracture. The 
powdered vitreous selenium softens even at 3S‘’C (melting point of the most 
stable hexagonal variety being 2i7®C) and the powdered mass coalesce. Vitreous 
selenium is partly soluble in CS2 which , on evaporation gives red inonoclinic 
crystals. Red precipitated selenium was ^ prepared by passing pure SO2 gas 
through aqueous solution of SeOa- In order to avoid the transformation of the 
red precipitated selenium into the metal|Bc variety due to heat evolved in the 
process, the cylinder containing the aqueoii solution of SeO^ was kept cooled 
by surrounding it with a cold water jacltet. It was found that at 40®C the red 
amorphous selenium turns black within halfi'an hour. Its behaviour with CS2 is 
the same as that of vitreous selenium. 

Metallic (hexagonal) selenium can be ' prepared by heating any variety of 
selenium at i30°C for 12 hours. It can also be prepared by the following 
sublimation process. Vitreous selenium was taken in long glass tube which was 
carefully evacuated and, sealed. The lower part of the tube w^as maintained at 
73®C by means of an electric heater. After several days crystals appeared in the 
cooler part. It is insoluble in CS2 and melts at 2i7°C. 

X-ray dijffraction photographs of these allotropes were taken. The inter- 
planar spacings calculated for the rings obtained with the metallic variety cor- 
respond to that obtained by Bradley, in the case of hexagonal selenium. 
(Table I). The spacings obtained with the monoclinic variety is also given in 
Table I. 


Table I 


Hexagonal Sekniii 

111 

! 

Monoclinic vSeleniuni 

Intensity 

Bragg angle 

t Spacings in 

I Intensity 

Bragg angle Spacings in 


e 

A.U. 

1 

e A.U. 


W. 

1035 

11 50' 

1 

1 

w. 

30 25' 

4.256 

s. 

3-753 

w. 

3 V 

3-837 

w. 

13 30' 

3.976 

s. 

12 30' 

3-555 

v.s. 

15 O' 

2.973 

w. 

13 34' 

14 32' 

3-281 

v.w. 

ly 44' 

2.057 

8 . 

3.066 

w. 

« 1 

20 41 

2.17^ 

vS 

16 4' 

2 . 7 ^^! 

M.R. 

21 53' 

2.065 

w. 

18 20' 

2.446 

w. 

22 54" 

1-977 

v.w. 1 

IQ 9' 

3-346 

M.S. 

25 59' 

1.756 

v.w. 

20 S' 

2.236 

M S. 

28 2' 

1.637 

v.w. 

21 21' 

2. IIS 

M.S, 

30 48' 

1 '503 

w. 

22 49" 

1.985 

M.S 

32 46' 

1.422 

w. 

23 56' 

1.897 

V.W. 

34 2' 

1-375 

v.w. 

v.w. 

v.v.w. 

as 28' 

30 0' 

30 4/ 

1-785 

1583 

1.56 
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The vitreous and the red amorphous selenium give three broad bands. The 
ring system of the crystalline (hexagonal) variety of selenium can also be broadly 
divided into three groups, each group containing several lines of fair intensity. 
The pattern obtained with the monoclinic selenium contains only one such group 
which approximately corresponds in position \Aith the first group of the hexagonal 
variety. The bands obtained with the amorphous varieties correspond approxi- 
mately in position and intensity with the groups mentioned in the hexagonal variety. 
This ‘ line-band ' correspondence suggests that there is some relation existing 
between the crystalline and the corresponding amorphous state. In Table II the 
band spacings of the vitreous and red amorphous selenium are given. It will be 
seen from the table that the band spacing of the vitreous and the red amorphous 
selenium are somewhat different. The cause of the discrepancy will be discussed 
later on. 


Table II 


Black Vitreous Seleniutii 


Intensity 

Bragg angle 

Spacings in 
A.U. 

S. 

12 zV 

3-551 

w. 

25 59' 

1-757 

v.w. 

3^ 43' I 

1.406 


Bed Amorphous Selenium 


Inteiivsity 

Bragg angle 

Spacings in 

I A.n. 

S. 

12 iV 

3-633 

w. 

1 24 54' 

1.828 

v.w. 

36 55' 

1.281 


Conversion of Monoclinic Selenium into the Hexagonal Modification : — 
Prom the thermo-chemical data ^ a quantity of heat (about 2.2 Cal. per gm.) is 
evolved when monoclinic selenium converts into the hexagonal form at higher 
temperature. Again the heat of formation of SeU2 from the monoclinic selenium 
is greater than that of the same from the hexagonal variety. 

This suggests that the monoclinic selenium has got a greater energy content 
than the hexagonal form and thus the former will have a tendency to pass into 
the hexagonal state. 

It has been found that heated for 12 hours at 120^ C, monoclinic selenium 
is completely converted into the hexagonal form. The conversion was then 
studied at 8o^C. With the sample, heated for 12 hours at 8o*^C, no sign of 
transformation, from the monoclinic to the hexagonal form, w’as detected. The 
sample of monoclinic selenium was then maintained at 8o^C and photographs 
were taken with the sample heated for 168, 200, 300 hours. In the photograph 
of the sample heated for 200 hours at 8o®C, faint lines corresponding to the 
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hexagonal pattern were indicated. The sample was then maintained at So^'C 
continuously for 15 days and on X-ray analysis it was found that complete 
conversion into the hexagonal form has occuried (Plate IX). With the sample 
of monoclinic selenium heated at ds'C for 17 days a photograph was obtained 
in which the rings corresponding to both monoclinic and hexagonal selenium 
are present. The iuterplanar spacing corresponding to above-mentioned 
photographs are given in Table III. 

T.viii.ii III. 


T 


Monoclinic selenium converted 
at 

M<jpoclinic vselenium partially converted 
; at 65 “C 

! ; 

Intensity 

Bragg 

angle 

e 

vSpacings in 
structure* 

1 

! Intliisity 

Hragg 

angle 

6 

Spacings in 
structure* 

W 

10 34' 

3.78a H 

W 

10 22' 

4.276 M 

S 

II 39' 

3.81 H/M 

M, vS. 

II 45' 

3*779 n 

V. w. 

u 30' 

3*555 M 

M. S. 

J2 32' 

3.546 M 

w 

13 23' 

3*3^5 H 

W 

1337' 

14 51' 

3.270 M 

V. s 

14 52' 

2.995 h/m 

V. S. 

3.004 H 

w 

15 55' 

19 39' 

2.805 M 

M.vS. 

16 5' 

2.77P M 

V. w. 

2.289 H 1 

— 

— 

— 

w 

2041' 

2. 179 n ! 

— 

— 

— 

vS i 

21 57' 

2,062 TI 

! 


— 

vv 

22 49' , 

1.9S5II 

— . 1 

— 

— 

V. w. 

23 49' i 

25 54' 

I Qo*) If 

— 

— 

— 

M, vS. 

1.762 H 

1 

— 

— 

M. S. 

28 8' 

1 .632 H ' 

1 , 

— 

— 

M. S. 

30 51' ' 

1.501 H 

j 


— 

M. vS. 

32 3S' 

1.427 H 

i 

— 1 

— 


We should mention in this connection that transition of monoclinic selenium 
into the hexagonal variety is monotropic. The case is similar to that of S<«> 
which passes into S« even at the ordinary temperature, and more quickly at 
higher temperatures. Again, we sec that in these cases of monotropic transi- 
tion, apparently there is no sharply defined transition temperature. The 
transformation takes place practically at all temperatures but the rate depends 
on the temperature at which the transformation takes place. Monoclinic selenium 
converts into the hexagonal form and the reverse process cannot occur, since 
the hexagonal variety has got the minimum crystal potential energy. But it 
will be seen, later on, that in the case of crystallites or minute crystals of the 
hexagonal type, its conversion into the bigger monoclinic variety is quite 
possible. 

V I T R K O U s S R 1/ E N I r M 

Devitrification oj Seleviuw —Powders of vitreous selenium were heated 
at temperatures 55°. 7o°, 120°. t7o°C with the help of an electric heater. 

• n=Hexagonal, M = Mon.H:linK-, H /M= Both H and M superposed. 
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At any temperature as the heating was continued and sample specimens were 
taken out of the heated mass at suitable intervals of time and the corresponding 
X-ray powder-diagrams were taken. The results of the X-ray study are 
summarised in the chart presented below. 


Period of heating 

.SS'C 

7o*C 

I2<)*C 

i7o"C 

0 hr. 

3 amorphous 
bands. 

3 amorphous 
bands. 

1 

3 amorphous 
bands. 

3 amorphous 
bands. 

12 hrs. 

amorphous band 

1 with some indi- 
cation of struc- 
ture in the band. 

A pure crystal- 
line pattern with 
no indication of 
bands. The 
pattern corres- 
poading to that 
of hexagonal 
selenium. 



24 hrs. 

1 

1 

1 

amorphous band 
i and two faint 

1 rings super- 

imposed on the 

1 1st band. 

! 

1 

i 

1 


36 hrs. j 

i 

1 

amorphous band 
and four rings 
superimposed 
on the 3 St band. 




1 

72 hrs. 

weak amorphous 
bandvS, four rings ' 
on the ist band | 
and several other ' 
rings in the posi- 
tion of the 2nd 
band. 

i 


I 

i 


From the above chart it is evident that the gradual devitrification of vitreous 
selenium is due to its gradual crystallisation and the rate of crystallisation is 
found to be slower at low temperature. 

The question naturally arises whether such crystallisation of vitreous 
selenium is at all possible at a still lower temperature. To investigate this point 
we analysed specimens of vitreous selenium healed at 43°C for 36, 60, 84, i8a, and 
200 hours. It was found that the diffraction patterns of the specimens heated 
for less than 182 hours showed only the amorphous bands. The patterns 
obtained with specimens heated for longer periods showed indications of rings, 
corresponding to the hexagonal form, but two faint rings of the system corres- 
pond to the two strong lines of the monoclinic pattern. After 20 days of 
continuous heating the pattern (plate IX) obtained with the specimen consisted 
(mly of sharp rings showing complete crystallisation. The next experiment 
was ctmducted with a specimen heated at 38°C. In this case the first indication 
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of crystallisation was observed in the specimen heated for 200 hours and even 
when the sample was kept at that temperature for 1100 hours we obtained 
(plate IX) both rings and amorphous bands in the diffraction pattern. It is 
peculiar that in this case the spacings of the rings suggest transformation both 
to the hexagonal and monoclinic form. 

It has been mentioned before that vitreous selenium converts itself only to 
the hexagonal form above 43°C. But, at 43°C two faint rings corresponding 
to the monoclinic form is just observed along with tlie strong lines of the 
hexagonal variety. But when the vitreous i^eleniuni is heated at for iioo 
houis a different picture appears on the p|ate. In this transformation the 
percentage of monoclinic selenium in the j^ansformed product is much greater 
than that obtained at 43®C. This is clearly evident not only from the numl)er 
of rings of the monoclinic variety but als^ from the relative intensities of the 
rings of the two crystalline types. 

Dr. Grippenberg of Masaby, Finland, supplied us with a stick of vitreous 
selenium which had been preserved in his laboratory for seven years. The 
temperature of his laboratory does not rise on an average above 28®C throughout 
the whole year. The stick was analysed on the very day it was received here in 
Calcutta ; the temperature of our laboratory was 30®C ; a quantity of fine powder 
was scraped from the surface of the stick and the diffraction photograph was 
taken. Sharp Debye pattern was obtained showing sign of complete crystallisa- 
tion into the monoclinic form. It is peculiar that at 28®C vitreous selenium 
converts only into the monoclinic form (plate IX). 

Table IV 


J'^itreous Scle7iium deviirificd below 28 °C 


Specimen 

Intensity 

BraKg anfflc 

! 

i Spacings 

1 Structure 



e 

1 inA.L'. 

1 

1 

Grippenberg’s 
sample of vitreous 

v.w. 

10 24' 

4.264 

M 

selenium scraped 
from the surface of 

v.w^ 

1 

11 3c/ 

3.810 

I 

M 

the stick, 7 years 
after its preparation 

s 1 

12 

3*514 

1 


(temp, below 28**C). 

w 

13 3 ^' 

' 3 - 29 ^ 

1 M 


S i 

M 32" 

1 3.066 

M 


s 

163' 

i .V77S 

M 


To examine the nature of selenium in the body of the stick, the stick was 

broken and a sample was taken from its central portion. On X-ray analysis 
three broad bands were observed and tbeir spacings correspond to that of the 
vitreous or amorphous selenium. 
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Dependence oj the Band Spacings on the period of heating Prom the 
powdered vitreous selenium maintained at 38'" C, samples were taken at intervals 
of 12 hours and X-ray photographs were taken with these samples. The 
diameters of the bands of different photographs weie accurately measured and 
corresponding band spacings calculated. Table V shows that the value of 
the spacings of the first band gradually increases with the period of heating. 
The intensities of the second and third band are very weak and it is difficult to 
measure accurately the diameter of the outer bands and further experiments 
with the microphotometer records will be taken up to inveitigate the mode of 
their change with the period of heating. 


Table V 

BAND wS P A C I N G S OF VARIOUS F O R M vS OF S H I. R N I V M 


Specimen 

Bragg angle 
e 

1 Spacings in A. 1 

1 

Red selenium coagulated naturally from colloidal 
selenium solution. 

Red selenium coagulated naturally from another 

11 4F 

i 3 ’So 

sample of colloidal solution. 

11 50' 

! 3'7S3 

Red precipitated selenium prepared in the Labora- 
tory. 

12 14' 

1 3'633 

Black vitreous selenium. 

12 21' 

3 551 

Black vitreous selenium heated for 12 hours at 
37'-39“C. 

12 3^^' 

I 3 5J9 

Black vitreous selenium heated for 24 hours at 
37‘-39*C. 

12 48' 

3 474 

Black vitreous selenium heated for 36 hours at 
37°-39*C. 

I 

12 so' 

3 ‘It’S 

Black vitreous selenium heated for 6o hours at 
37‘-39'C. 

13 4' 

3‘4i>4 


Photegraphs of Red selenium coagulated naturally from colloidal solution and of Black 
Vitrepus Selenium heated for 60 hours at 37®-39*C are leproduced in Plate IX. The differences 
in the diameters of the band in the photographs (a & b) can be easily seen. 

Generally we know that the diffiaction pattern of liquids and amorphous 
substances consists only of broad diffuse bands but the investigations of Laue^ 
and others proved that considerable broadening of the diffraction lines may take 
place on the diminution of the size of the diffracting crystallites. If the size 
of the particles be suflGiciently small, the line may become broad enough so as 
to appear as bands resembling those of the liquids and the truly amorphous 
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PLATE IX. 



Fig- L Fig. 2. 



1. Monoclinic selenium transfonned into the hexagonal form at 80°c. 

2. Black vitreous selenium transformed into the hexagonal form at 43°c. 

3. Partial transformation of vitreous selenium into both monoclinic and hexagonal form at Sff’c, 
Lines superimposed on the band. 

4. Vitreous selenium transformed into the monoclinic form at 28°c. 

5. (a) Spontaneous coagulum of colloidal sol of selenium on ageing. 

(b) Vitreous selenium heated at 38”c for 60 hours. The difference in the diameter of the band in plate 
V(a) & V(b) is to be noted. 
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positions of the bnnds Approximately coincide with the positions 
of the groups of intense lines in the pattern from crystals of larger sizes of the 
same substance. Generally, in order to have a sharp continuous Debyc-Scherrer 
pattern the particle size should lie between io“=’cm. to lo ♦cm. Thus the 
line-band correspondence indicate that the bands are due to the substance in 
an extremely subdivided slate. Another effect, which is produced by the 
diminution in the size of diffracting crystallites, is the change in the diameter 
of the bands. This change may conespotid either to an increase or decrease 
of the inter-atomic distances in the crystgllites. That the lattice dimension is 
a function of the size of the crystallites nvas first theoretically investigated by 
Prof. Lenard Jones ’ in the case of non-ionic crystals. The order of this change 
may be understood from the consideration of an ideal case in ionic crystals 
(such as NaCl), if the size of a simple cubic crystal be reduced to 500 atoms 
deep only, the lattice dimension changes by about 5% and in 3 atoms deep the 
change is about 14%. 

Lowry and Bozorth ® while agreeing with the general resemblance between 
the patterns for graphite and amorphous carbon (which is assumed to consist 
of small crystallites of the graphite) pointed out that the spacings of the basal 
planes increased as the average particle size diminished. 


1) I vS C TT S S I O N 

When the molten selenium is suddenly cooled down so as to pass into the 
vitreous state, the mass solidifies before it can liberate the whole amount of its 
latent heat. The atoms of a solid body tend to arrange themselves in such 
positions that the crystal potential energy is minimum. In the case of selenium 
such a process of formation of crystal also happens by the marshalling of atoms 
in liberating the latent heat ; but by the time the crystals have grown a little, 
the substance becomes too viscous to allow of any further marshalling or 
crystaliisatioii. Thus instead of bigger crystals of the order of io"=*-io-*cm. 
in size, we get minute crystals or crystallites of lesser dimension. If the forma- 
tion of crystals would not have been thus checked, the molten selenium would 
easily pass into the crystalline state by giving up the whole of its latent heat, 
as' is usual in the case of solidification of most of the substances. From the 
above argument, it is clear that some heat energy is actually retained by the 
crystallites present in the vitreous selenium, and the whole amount of the latent 
heat has not thus been liberated. In consequence, the crystallites present in 
vitreous selenium will have a greater energy content than ordinary crystals, i.e., 
crystals of larger dimensions, in the formation of which, the whole amount 
of latent heat has been liberated. These crystallites, therefore, are in unstable 

ji — 1387P — V 
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state and will always have a tendency to liberate the heat retained in th6 so- 
called amorphous state and form bigger crystals. This can only happen if, by 
heating the vitreous mass, we increase the mobility of the molecules of selenium, 
so that marshalling or crystallisation can again begin and the size of the 
crystallites increase gradually. The rapidity of crystallisation will depend on 
the degree of mobility or softening of the mass, which again will evidently 
depend on the temperature at which selenium has been maintained. This 
explains the increase in the rate of crystallisation of vitreous selenium with 
the rise of temperature. A portion of the vitreous selenium is soluble in CS2 
and monoclinic selenium is the only variety .of selenium which is soluble in CS2. 
Thus vitreous selenium contains crystallites of both monoclinic and hexagonal 
selenium. From the consideration of experimental results on transformation 
of vitreous selenium into monoclinic at low temperature and into hexagonal 
at high temperatures, both with the evolution of heat it follows that both of 
these crystallites have got greater energy content than either of ordinary bigger 
monoclinic or hexagonal crystals. Also from thermochemical data^ it will 
be found that the heat content of vitreous selenium (containing both hexagonal 
and monoclinic crystallites) is greater than that of the ordinary monoclinic 
crystals which again has got greater heat content than the stablest hexagonal 
variety. Thus, both monoclinic and hexagonal crystallites present in vitreous 
selenium can pass either into puiely hexagonal form or purely monoclinic 
form. And it has been found experimentally that at temperatures below 28°C 
vitreous selenium converts only into the monoclinic form. At temperatures 
above 43®C vitreous selenium is converted only into the hexagonal form and 
at intermediate temperatures, viz.^ between 28°C and 43®C both monocliiiic 
and hexagonal crystals are found in the transformed product. 

The gradual growth of the size of the crystallites with the period of heating 
has got two experimental evidences. The diffraction photograph of a sample 
of vitreous selenium heated for a certain period at a particular temperature 
gives sharp lines superimposed on broad bands. The broad bands, as has been 
explained before, are due to crystallites still present in the vitreous selenium and 
the sharp rings are due to ordinary crystals, formed by the gradual growth of 
size of the crystallites, and lines superimposed on the bands directly shows 
the line-band correspondence. 

According to the theoretical investigation of Lenard Jones, in the case of 
non-ionic crystal, lattice dimension increases as the particle size diminishes. 
This has been verified by Lowry and Bozorth in the case of carbon. The 
increase in the band spacings of vitreous selenium, with the period of pre-heating 
of the sample suggests, therefore, a gradual growth of size of . the crystallites 
with the period o heating. 
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PERIOD OF HEi^TlNO IN HRvS. 
Fig. I 


The different band spacing obtained in the case of red amorphous selenium, 
red selenium coagulated from colloidal solution of selenium, can also be ascribed 
to the different sizes of the crystallites in these varieties. If these varieties 
of selenium are now arranged in the order ot diminishing crystal sizes, based 
on X-ray determination, it will be observed that the same arrangement is again 
obtained, based on the colour of the specimen. As the grains get finer, the 
colour changes from black to red. Table V shows the various types of selenium 
arranged in order of increasing size of the crystallites against corresponding 
band spacings. From the smooth graph AB (Fig i) in which abscissa represents 
the period of heating of vitreous selenium, in our experiment, and the ordinate 
being the spacings in A.U., it will be evident that there exists a relation between 
band spacings of vitreous selenium and the period of heating. 

Khaira Laboratory of PhVvSics, 

University College of Science, 

CAtCTTTTA. 
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i 

ABSTRACT. Liquid selenium at various tcinpera|urps, viz., from 220® to 43r)T, has been 
studied by the X-ray diffraction method with a spec|pilly designed camera. A single broad 
band with a band-spacing much bigger than that o|amorphous varieties was obtained. The 
density of Hejuid selenium at various temperatures i. was also accurately determined. It is 
found that with the rise of temperature the band-spaiping of liquid selenium also increases. 
By plotting the band-spacing of liquid selenium a|[ainst the corresponding temperature and 
the cube-root of the reciprocal of density against the temperature, two smooth curves of 
similar nature were obtained. 

Selenium, in its colloidal state, has been studied by the X-ray diffraction method. Colloidal 
solution prepared was fairly stable and coagulation occurs on addition of HNO3. ^he 
solution is stable even when heated at looT for several hours. Both heated and iinheated 
solutions, w hen allow'cd to evaporate at the room temperature form a sticky mass. Coaguluni 
obtained with unheated solutions gives sharp monoclinic pattern if the coagulation is effected 
at a very slow’ rate. On rapid coagulation, however, the precipitate gives on X-ray analysis 
broad bands. Similar results are also obtained with previously heated solution, the difference 
being that the coagulated specimen now gives pure hexagonal pattern. 

The gummy mass both from the heated and unheated sol gives only one single broad 
band. The spacing of the band (4.07 A. IJ.) is the same as that obtained in the case of liquid 
selenium, near its melting point, but it does not correspond with that of amorph^ius varieties 
of selenium (3.5 A.U). This essential similarity in the nature of the diffraction pattern of 
liquid selenium and colloidal selenium suggests that the arrangement of atoms in each 
colloidal particle of .selenium is the same as that in the groups present in the liquid selenium. 


1 N a' R O D U C T I O N 

The property of a substance in the colloidal state is peculiarly different irom 
the same in the ordinary ^olid state. In the colloidal state, the substance is in a 
highly dispersed condition and each colloidal particle consists of several atoms 
or molecules of the substance closely packed to each other, f he peculiarity of 
the properly of the substance in their colloidal state can be attributed to the 
sraalkess of ' their particle-size and the mode in which the atoms are arranged in 
spacCi relative* to each other in the small colloidal particle. Colloidal metal 

* Commnnicated by the Indian Physical Society. 
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sols’ in general give the dilFraction pattern characteristic of the massive material, 
except that the sharp Debye ring is broadened in proportion, as the particle size- 
is smaller. It has also been noticed that the same substance giving crystalline 
pattern in the ordinary solid state gives band pattern in the colloidal state. 

Subst'ances in their liquid state also give on X-ray analysis broad bands which 
can be ascribed to the presence of some groups of (cybotactic) atoms on mole- 
cules in the liquid state. The groups are always being formed and destroyed 
due to thermal disturbances. 

Substances in the amorphous state also characterise themselves by band 
pattern which has been attributed to the presence of groups or crystallites in 
which atoms or molecules are arranged in some particular fashion. Now, 
substances (a) in the colloidal state, ib) liquid state, and (r) amorphous state 
show bands on X-ray analysis and the nature of the band pattern is characteristic 
of the size of the group and the mode of arrangement of atoms in the groups. 

An attempt has been made here to establish some relation which might exist 
among the different states mentioned above of the element selenium. 

Liquid selenium : — Selenium melts at 2i7®C and diffraction photographs were 
taken at different temperatures lying between 220°C and 43o°C. The camera 
essentially consists of a collimating system and a plane plate holder. The cell 
containing the liquid selenium consists of very thin walled glass capillary closed 
at both ends. The empty glass capillary was put before the X-ray and the wall 
of the tube was so thin that no diffraction pattern due to glass was obtained. 
One such capillary containing selenium closed at both ends was put before the 
slit cap. The slit cap being surrounded with an electric heater wound with 
nichrome wire resistance. The temperature of the liquid selenium was measured 
by introducing a thermocouple of Cu-Constantan at the position of the cell 
containing the liquid. The intensity of the band to be obtained in the case of 
liquid selenium being too weak, the film holder is to be kept very near the cell 
containing the liquid. The X-ray film is to be protected from the heat radiation 
coming out of the electrical heater surrounding the liquid cell. A water cooling 
jacket, in the form of a circular disc, with a 2 mm bore at the centre, was 
placed vertically, in between the film holder and the slit cap, so that the major 
part of the heat radiation from the heater was cut off, but only the scattered 
cone of X-rays from the specimens to be analysed can paiss unobstructed through 
the central hole of the water-cooling jacket. The wqter w-as being continually 
circulated through the jacket during the exposure. This arrangement was quite 
successful up to SIS^C. But at higher temperatures it was necessary to cool 
the X-ray film. The lid of the film holder pressing the film was replaced by a 
double walled metallic jacket through which water was copstantly being 
circulated. This modification enabled us to take t>hotograpbs of liquid selenium 
even upto 43o'’C [Plate X(i> 3 . Diffraction photographs were taken at 220°, 26*'’, 
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315“, and 43o‘’C. I'he time of exposure varied between 30-40 hours, Voltage : 
40 K.V., current 5-10 M.A. 

EXPERIMENTAL RESULTS 

The pattern obtained in the case of liquid selenium consisted of one difluse 
band. Table I gives the values of the band springs at different temperatures. 


Tablb I 

"N 

Band spacirigs of liquid selenium at^ifferent temperatures 


Temp, of liquid selenium 

Bragg angle 

4 

Spacings in A.U. 

220 ®C 

, 1 

1059 i 

4.04 

361 'C 

10 51" 

4.09 

3 iS'C 

10 41' 

4 ‘i 5 

430 ‘C 

10 18' 

4.30 


From the table it will be seen that with the increase of the temperature the 
values of the spacings also increase. 

In fig, i{a) spacings have been plotted against corresponding temperatures 
and the smooth curve AB has been obtained. The curve AB evidently suggests 
that the variation of spacing with temperature is almost linear and there is no 
sudden change in the spacing at any temperature in the region covered by our 
experiment. The density of liquid selenium at different temperatures were 
measured very accurately. 



TEMPtnW^URE* c — ^ 
Fig. I (a) 
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Fig. I (6) 

The density of liquid selenium at different temperatures were determined by 
using a glass tube with a narrow mouth. The tube containing the liquid selenium 
could be maintamed at any temperature up to 4oo®C or more by inserting it 
into closely fitting holes of an electric healer the current through which could 
be regulated. The temperature of the bath was noted by a mercury thermometer. 
Two such tubes were taken and maintained at the desired temperature above 
the melting point of selenium and small pieces of selenium were gradually 
introduced which soon melted and thus the tubes were filled up with liquid 
selenium without any air bubble lying within it. To determine the density at 
some other higher temperature the current is regulated. Liquid selenium over- 
&OWS through the cai>illary mouth. The tubes were taken out, cooled and 
weighed after carefully cleaning the surface of the tubes. The tubes were first 
filled up with distilled water and weighed, the density of water at that teniperature 
was taken from the Physical Table. The value of the density calculated from 
the two tubes differed by less than one per cent. The density of liquid selenium 
at different temperatures are given in Table II. 

Table II 


Temperature of the liquid selenium 


Density in gms/c.c. 


235‘C 

265X 

295“C 

335’C 


3.87x9 

3.8393 

3.8094 

3.7741 


The smooth curve A'B' in fig. 1(6) is obtained by plotting the reciprocal of 
the cube-root of density against the temperature. The similarity between the 
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curve AB (Fig. la) and curve A'B' (fig. lb) evidently suggests that the inode of 
variation of the cube-root of specific volume with temperature and that of the 
spacitigs with the temperature are similar. The observed change in spacing is 
merely a natural consequence of the thermal expansion of the liquid which is 
also responsible for the change in density. 


DISC UvS SION 

The band-spacing of the liquid selenium aijt 22o®C, /.c., near about the melting 
point is 4.04 A.U. Now the largest value of dbe spacings obtained in the case of 
amorphous varieties, is with colloidal selenium coagulated by electrolytes or 
coagulated on ageing, and the value is found t^ be 3.8 A.U. 

It has been observed that the colloidal s 4 enium left to atmosphere at the 
room temperature forms a gummy mass \vhic|i on X-ray analysis gives one broad 
band and peculiarly enough the nature of the Iband is similar to that obtained 
in the case of liquid selenium. 

The points of similarity lie in the fact that (i) both liquid selenium and the 
gummy colloidal selenium on X-ray analysis give one single broad band, whereas 
in the case of amorphous varieties of selenium, viz., vitreous selenium, red 
amorphous selenium and colloidal selenium coagulated by means of electrolyte 
we always get three broad bands. (2} The value of the band-spacings in the 
case of gummy colloidal selenium is 4.07 A.U. which agrees well with the value 
of the spacing, 4.09 A.U., in the case of liquid selenium at 261 *" 0 . This interest- 
ing point of similarity between colloidal selenium w ill be dealt later on. 

Colloidal selenium : prepaiaiioir and pjopenics : — Equimolecular quantities of 
SeOa and extra pure dextrose were taken in a small Inisin with a little quantity 
of distilled water and kept over a water bath. The solution becomes reddisli 
and syrupy. On addition of a few drops of liquor ammonia to this syrupy liquid, 
frothing begins. This process is continued till the solution turns deep red. The 
syrupy condition being always maintained by adding drops of water at intervals 
and finally the whole thing is stirred up with cold water and red colloidal solution 
of selenium is obtained. ^Fhe solution containing excess of any electrolyte is 
dialysed by means of a cellophane paper niembrane. 

Colloidal solution thus prepared is faiily stable. Spontaneous coagulation 
occurs just after the preparation of the solution , but the rate of such coagulation 
becomes imperceptible after 2 or 3 days. The colour of this natural coagulum 
is red. The colloidal sol was boiled at ioo"C for 36 hours, but the sol was 
stable even after boiling. Coagulation does not take place when colloidal sol 
is exposed to X-rays. On addition of few drops of dilute HNO3 coagulation 

takes place in the case of both heated and unheated colloidal sol. The rate of 
coagulation depends very much on the amount of electrolyte (HNO3) added and 
also on the amount of shaking. Colloidal selenium sol when allowed to evaporate 
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at the room temperature forms a gummy mass. This gtunmy mass wheu shaken 
with water, the original colloidal sol is obtained. Thus, we have the following 
types of samples to be examined by the X-ray diffraction method : — 

(A) Coagulum formed during ageing. 

(B) Precipitate obtained by rapid coagulation of unheated sol by addition 

of HNO,. 

(C) Precipitate obtained by slow coagulation of aged unheated sol by 

addition of HNO3. 

(D) Precipitate obtained by rapid coagulation of colloidal sol, heated at 

ioo®C for different periods by the addition of HNO*. 

(E) Precipitate obtained by slow coagulation of colloidal sol heated at loo^C 

for different hours by the addition of HNO*. 

(F) Gummy colloidal selenium obtained by evaporating both heated and 

unbeated colloidal sol, at the room temperature. 

The samples mentioned above were all pressed against the slit cap on a thin 
zig-zag paper and photographs taken in a hemicylindrical camera. 

K X P R R I M R N T A k R K .S U L T S 

(A) Three broad bands similar to those obtained in the case of red amorph- 
ous selenium and black vitreous selenium were obtained [Plate 
X{2)]. The band spacing of the first intense band is 3.8 A.U. which 
is greater than the value 3.55 A. IT. in the case of black vitreous 
selenium. The values of the band spacings obtained in the case of 
colloidal selenium (A) are given in Table III. 


Table III 

Coagulum formed during Ageing 


Intensity 

Bragg angle O 

Band Spacing in A .U. 

S 

II 41* 

3.80 

W 

24 54' 

1.83 


This increase in the band-spacing is attributed as due to the smallness 
particle size of colloidal selenium. 

(B) Coagulum obtained by rapid coagulation of sol by addition of 
gives also three broad bands similar to (A). 


of the 
HNO, 
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(C) Slow coagulum obtained by addition of HNOj from aged, unheated sol 
showed purely crystalline pattern [Plate The interplanar spac- 

ings correspond to that of the monoclinic selenium but the intensity 
distribution of the lines are peculiarly different as can be seen from 
[Plate X(3)J. The table IV below shows the values of the spacings 
against the corresponding spacings obtained with monoclinic selenium 
prepared in the lyaboratory. 


Table IV 

{ 

Precipitate obtained by Slow Coagulation of Aged linheated Sol 
by addition of H^O., 


Intensity 

Bragg angle 6 

Spacing in A. IT* 

IMonoclinic prepared in the Lab. 

Intensity j Spacings in A.U. 

W 

lu iS' 

4 29 

W 

4.26 

W 

11 24' 

3 * 9 t> 

W 

3-84 

W 

12 30' 

3-55 

S 

3 56 

S 

13 31 ' 

3.28 

\v 

3 28 

w 1 

1/1 V 

3 •c'Q 

vS 

; 3 f >7 

v.w. 

15 5 .< 

2.S2 

s 

2.87 

M.S. 

20 9' 

2 23 j 

v.w. 

2 2^ 

W 

1 21 27' 

1 

2.10 j 

v.w 

2. II 

s 

I 1 

22 31' 

2.(>tt 1 

w 

1 

I 99 

w 

23 56' 

I yo 

1 w 

1 

1 .90 

w 

1 

25 5' 

1.81 

! V w. 

1 

177 


(D) Precipitate obtained by rapid coagulation of colloidal sol heated pre- 

viously for 36 hours at loo'C by HNO3 gives on X-ray analysis 
three broad bands similar to those obtained in the case of amorphous 
varieties of selenium. 

(E) Precipitate obtained by slow coagulation of colloidal sol heated pre- 

viously at ioo*C for 36 hours by the addition of HNOj gives on 
X-ray analysis purely crystalline pattern. Table V shows that 
the interplanar spacings correspond to the hexagonal form of 
selenium [Plate X^^)]. 
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Table V 


Intensity 

Bragg angle 6 

Spacings in A.U. 

Spacings of the hexagonal Se 
prepared in the Lab. in A.U. 

w 

10 25' 

3-«4 W 

3.781 

s 

1 

II 89' 


3*77 

w 

13 23' 

2.99 w 

1 

2.99 

S 

M 53' 

2.99 

2.99 

w 

20 49' 

2.16 

2.17 

v.w. 

1 21 49' 

2 07 

2.07 

v.vv. 

26 15' 

1 .74 

1-75 

V w. ; 

28 8' 

J.63 

' 1.63 


(F) C/Uinuiy colloidal solution both from heated and iinheated solution give 
on X-ray analysis one single broad band the spacing of which is 
4.07 A.U. [Plate X(5)]. 

From these experiments it is clear that if colloidal sol (either heated or 
unheated) is precipitated slowly the particles give crystalline pattern Whereas 
the sample (heated or unheated) if precipitated rapidly produces so-called broad 
amorphous bands. But it is evident from the experiments that heated sample pre- 
cipitated slowly produces hexagonal pattern whereas the unheated sample treated 
in the same way produces only monoclinic pattern. 

I) I vS C IT S vS I O N 

Colloidal selenium consists of groups of atoms of selenium packed together 
in the way as in the liquid selenium. This follows naturally, from the fact, that 
the band pattern obtained by X-ray analysis of liquid selenium and highly 
concentrated colloidal selenium (gummy colloidal selenium) are similar in every 
respect. The growth of size of the above-mentioned groups present in the 
colloidal selenium always takes place, both on ageing the solution and also on 
heating the samples ; but generally this growth is not large enough so as to 
precipitate the selenium present in colloidal solution. Thus, in the case of both 
aged colloidal sol and heated colloidal sol, each colloidal particle although of 
dimension less than 10“*^ cm is now a colloidal crystal.'" On rapid coagulation 
the growth of size of these colloidal crystals takes place only by the capillary 
action and we get on X-ray analysis three broad bands as have been obtained in 
the case of so-called amorphous varieties of selenium. On slow coagulation 
however, the growth of size is effected not only by the capillary action but also 




PLATE X. 



Fig. 5. F"'®- 


(1) Liquid selenium at 315^C. 

(2) Coagulum formed during ageing. 

(3) Precipitate obtained by slow coagulation of aged unheated Sol by addition of HNOs 

(4) Precipitate obtained by slow coagulation of colloidal Sol heated at lOOPC for 16 hours, by the 

addition of HNOa 

(5) Gummy colloidal selenium. 

(6) Presencd^of Sw in colloidal Sulphur. 
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some orientating field is predominant which causes a regular lattice formation 
so that the precipitate on X-ray analysis gives a sharp crystalline pattern. 
From the experimental results we have found that with the previously heated 
colloidal solution, the precipitate obtained by slow coagulation gives always 
hexagonal crystals. But, unheated aged, colloidal sol on slow coagulation gives 
monoclinic crystals. The conditions in which the hexagonal or inonoclinic 
crystals are formed from so-called amorphous selenium have been discussed in 
another paper.® 

Thus the experimental results show that colloidal sol of selenium may 
contain both hexagonal and monoclinic crystals. To determine whether colloidal 
particles of sulphur can also exist both in S„ and S... form various samples of 
colloidal sol of sulphur prepared under dffierent physical conditions were 
examined. The presence of in colloid^ sulphur sol has been previously 
shown in this I<aboratory.* 

V 

T H K P R H S K N C K O F S... IN COLLOIDAL SULPHUR 

The colloidal sol of sulphur was prepared by passing pure H2S gas through 
a concentrated solution of SO^ in water. The solution was kept in a tall cylinder 
completely immersed in an ice-bath. The colloidal sol thus obtained is poured 
on a flat basin and was allowed to evaporate at about 25®C in a moist atmosphere. 
A thin gummy rubber like membrane was obtained, which could be torn to 
pieces. X-ray diffraction photograph of these pieces was taken, samples being 
changed every half an hour. A good crystalline pattern was obtained and the 
interplanar spacings of the rings were found to correspond accurately to those of 
insoluble white sulphur (Soj) [Plate X( 6 )] 

(The work was carried in the Khaira Laboratory of Physics, University 
College of Science, Calcutta. The author takes this opportunity of acknowled- 
ging his indebtedness to Piof. B. B. Ray, D.Sc., for suggesting the problem and 
kind guidance throughout). 

Khaira Laboratory of Physics, 

University College of Science, 

Calcutta 
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DIFFRACTION PATTERN OF SULPHURIC ACID 
AT DIFFERENT CONCENTRATIONS 

By H. N. BOSE 

1, 

’{Received for publication, p 3 ay 17, 1941) 

Plate XI ; 

ABSTRACT. In the pre.sent investigation. X-ray diffraction of pure acid and at concen- 
trations corresponding to the formnlae HjS04, IljCj’; HjSOi, aHjO ; H3SO4, 3HjO ; H3SO4, 
loHjO; H3SO4, 201130, etc., were studied. Pure sulfuric acid yields two well-defined bands 
tspacings 4.07 and 7.98 A.U.) with very little general icattering thereby following the general 
behaviour of highly associated liquids, though the inner band remained undetected so long. 
With dilution, the main band dilated and at the fame time underwent an increase in diffuseness 
till at high dilution the familiar band of water made its api)earance and the main peak of 
sulphuric acid nearly coincided with the first band of water (3.24 A.U ). Considering the main 
peak at largest angle at any dilution, the spacing of the acid was found to be intermediate lie- 
tween those of pure sulphuric acid (4.07 A.U.) and pure water (3.24 A.U.). The spacing under- 
went a violent change when the concentration was changed to H3SO4, H3O and again at HsSf >4, 
aoH 30 . 

At concentrations corresponding to HsS(»4, sHsO and H3SO4, 3H8O the spacings remained 
constant 3.54 A.U. This may be taken to indicate .something akin to hydrate formation. 
Sulphuric acid, it is known, ionkses in aqueous solution in two stages. But apart from making 
the bands a bit diffuse, this was found to have little effect on the X-ray diffraction pattern. This 
is but what can be expected for (S()4), (IISO3) and (HjS04) have alnio.st the same dimension and 
scattering due to H+ is negligible. The general behaviour of sulphuric acid has been tried to be 
explained qualitatively by extending the ideas of Lenard Jones. 


INTRODUCTION 

The affin ity of sulphuric acid for water naturally suggests the possible forma- 
tion of definite compounds or hydrates and the existence of such hydrates has 
been demonstrated in various ways. The freezing point curve for mixtures of 
two substances is usually regarded as affording a definite evidence of the occurrence 
or otherwise of chemical combination between the constituents and with mixtures 
of sulphuric acid and water definite results are obtained. With sulphur trioxide 
and water as two components, maxima on the freezing curve occur at proportions 
corresponding to the composition of the following compounds : S , : >v (. « ; 

H3SO4.H3O; H3SO4.2H.O; H.SO4. 4 H 2 O. Thus the existence of a mono-, 
di- and a tetra hydrate of sulphuric acid in the solid condition ,s proved but the 
possibilities of other hydrates, for instance, H3SO4. 3H,0 ; H,SO, 5 H ,0 ; and 
Hs,SO«, laHjO are not excluded, 
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Sulphuric monohydrate, HjSOa HjO crystallises from the acid of the corres- 
ponding concentration, in hexagonal prisms and melts at 9°C, the di-hydrate 
HaS04, 2HaO melts at — 37°C and the tetra hydrate HjSO,, 4HaOat — 24®.5C. 
H Shiba and T. Walnabe® were the first to study the diffraction of X-rays by 
aqueous solution of sulphuric acid at four concentrations. They reported a con- 
traction of the halo with increase in concentration. In their experiments, the 
central undeflected beam of X-rays was not cut off and consequently they were not 
able to record any change in the diffraction pattern with change in concentration 
at a very small angle of scattering. 

R. S. Krishnan’ investigated the diffraction of X-rays by aqueous solution of 
sulphuric acid and attempted to correlate his results with those obtained from 
Raman effect data. 

X-ray diffraction of pure acid and at concentrations corresponding to 
formulae H^SO^, HjO ; HjvSO^, aH.O : ; H^SO*, loHaO ; H,S04 

2oHaO were undertaken to investigate if any information regarding such hydrate 
formation could be obtained purely from diffraction photograph We could 
detect in the present experiment, apart from the usual strong band, another inner 
weak band, which was not observed by any of the previous investigators. 

EXPERIMENTAL TECHNIQUE 

The arrangement of apparatus in the present investigation was the same as is 
generally used in powder photograph. The X-ray bulb was a demountable porce- 
lain Hadding tube with a copper anticathode without any rectifying device. A 
hemicylindrical camera of radius 2.85 c.m. was used with a slit system having an 
aperture of .8 m.m. Liquid cells were prepared in a specially prepared thin walled 
glass capillary tube which was filled with a freshly prepared acid of required con- 
centration, sealed at both ends so that the concentration remained unchanged and 
was then fixed to the cap of the slit with a bit of wax. The central beam was 
cut off with a lead cap placed on the film holder. The contribution of the con- 
tainer tube to the diffraction pattern was almost negligible as was observed in a 
trial experiment. The bore of the glass capillary w^as approximately kept 
constant (about 0.8 m m.). 

Sulphuric acid labelled ‘ Merck ’ for analytical Reagent (99.2%) was used in 
this experiment. The different concentrations were prepared by adding 5 c.c. of 
the pure acid with the help of a graduated pipette to the calculated amount of 
water. 

RESULTS (PURE SULPHURIC ACID) 

The diffraction pattern of pure sulphuric acid consists of two sharp bands. 
The band at larger angles is much stronger than the other. Besides these, a 
central corona extending almost up to the inside of the inner band could be 
noticed. The diameters and the corresponding values of Bragg spacings are given 
in the Tahle for all the concentrations. 
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Fig. 1. — H3SO4 +HjO 
Fig. 2. — Pure H jSO^ 

Fig. 3.— HaSO* +2OH3O 
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The aqueous solution of sulphuric acid of concentration corresponding to the 
formula H2SO4) H2O (i.e,, sulphuric acid and water being present in the proper* 
tion of 98 gins, to 18 gms.) was next prepared and its diffraction pattern was 
investigated. The conspicuous change that differentiates it from the previous one, 
i,e,, for pure acid, lies not only in the increase of diameters of the bands but also 
they are more diffuse, or in other words, the Bragg-spacings corresponding to the 
maximum intensity of the bands have decreased and at the same time they are 
more diffuse thus increasing the band width. The shift in the position of the 
maximum intensity of the baud towards larger angle and the loss of sharpness are 
more pronounced in the case of the outer band.i 

Tabls : 

Aqueous Sul^hurtf Acid 
Hemicylindrical Camera of Radius 2.85 c.m. 


Molecular 

proportion 

Strength of 
sol. by 
weight 

Approx p c. 
contraction 
of volume 

• 

No. 

Angle of difiraction 

corresponding to 

maximum intensity 
■ 

■ d ’ (A U ) 

Pure H,S()4 

99.2% 


I 

io“54' 

4.07 




2 

5*32' 

7.98 

H2SO4. HjO 

84.5% 

8.6% 

I 

12*22' 

.V6 




2 

6*2* 

732 

HjSOi, 2H,0 

73-1% 

9’5% 

I 

I2V 

3.54 

H,S(J4 . 3HjO 

f>4-5% 

9 2% 

I 

12*34' 

3 54 




2 

6*2' 

7-32 

HjS=() 4. luHjO 

35 . 3 % 

1 - QO'' 

! 0 , 0 

I 

12*48' 

3-47 



i 

2 

7*2' 

6.28 

H,S 04 . 2 oH ,0 

21.4% 

1 

4-4% 

I 

13*34' 

3.28 




2 

7*2' 

6.28 




3 

23*43' 

1.91 




4 

7 


H,S04 Water 

50 % 

6.4 % 

I 1 

12*43' 

3 5" 


In the diffraction pattern at concentrations corresponding toH2S()4, 2H2(.) and 
H2SO4, 3H2O, changes of similar nature are observed ; with concentration HaSO^, 
loHaO, besides the changes stated, the pattern was remarkable by the appearance 
of a very weak band at $till larger angles. For the concentration H,S04, 2 oH^O 
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the third band appeared with great intensity and a fourth one could be suspected 
at a still larger angle. These additional bands were found to correspond to those 
of water. 

R. S. Krishnan reported previously of the absence of any band at 50% con- 
centration. In tlie present inve.stigation, however, a diffuse band could be 
obtained even at this concentration. 

The results are given in the table. In the first column, are given the mole- 
cular proportions of H2VSO4 and and in the second, the amount of HaS04 
present in too gms. of the solution. The third column contains percentage con- 
traction corresponding to the concentration, the angle of maximum scattering and 
the corresponding Bragg spacing are listed in the fourth and fifth columns 
respectively. 

All measurements, given here, were made with the help of a glass scale on the 
negative Generally, the bands are neither sharp nor intense, so that the order of 
accuracy, usually claimed in the measurement of sharp rings, is not attainable 
here. In the present case the first band is, in most of the concentrations, very 
weak and diffuse, hence the measurements on the first l?and are to be taken as 
approximate and the shift in the position of this band is likely to be less reliable. 


DISCUSSION OF THE RESULTS 

The presence of well-defined bands, with very little general scattering in the 
diffraction pattern of the pure acid is indicative of the existence of a very orderly 
arrangement of the molecules. Sulphuric acid is a highly associated liquid and 
associated liquids, in general, exhibit a secondary maximum in addition to the 
principal one We find that sulphuric acid is also not an exception and shows, 
as expected, two bands in the diffraction pattern. 

P. KrishnamurtP has studied various liquid mixtures at different concentra- 
tions. For completely miscible liquids, he found that the diffraction pattern is 
different from that of either of the constituents. The main peak is invariably of 
intermediate spacing. With dilution, the main peak dilates and ultimately coin- 
cides with that of the major constituent. It is found that the liquids of this type 
are all associated. Similar results are also obtained for sulphuric acid. The main 
band of pure sulphuric acid and pure water have spacings 4.07 A.U. and 3.24 A-U. 
respectively, we find that spacings for other concentrations are intermediate 
between these two limits. In the first concentrations (H2SO4, H3O) the spacing 
changes considerably (4.07 A.U. for pure HjS04 to 3.6 A.U. ). The change in 
spacing when the acid is diluted fiom H2SO4, loHaO toH-^SOa, 20H2O. isalso 
large. At concentrations HaSOii 2H2O and H2SO4, 3H2O the spacings remain 
unaltered (3.54 A). These seem to indicate the presence of some hydrate of 
de^nite composition near about these concentrations, The presence of the inpcr 
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band in all the concentrations is rather puzzling. Similar inner ring whose 
spacings remain almost constant in all cunceutiatioiis were also noticed by 
P. Krishnamuithy in certain liquids like glycerine, etc. It is peculiar that the 
spacing of this inner band is always almost double the spacing" of the main band. 

For solids, Lennard Jones® has shown that band spacing of an ionic crystal 
decreases with the decrease in particle size. 'A very quantitative explanation of 
the results may also be obtained by extending his ideas for this case. In the pure 
state, sulphuric acid consists of groui)S of molecules which are responsible for the 
pattern. We may assume that in the process o| dilution the number of molecules 
constituting the groups decreases which resists not only in a diminution of the 
size of the groups but also in the band spacing.,; The other effect of dilution, t.e., 
the increase in the diffuseness of the bands, ^ perhaps due to the fact that as 
dilution proceeds, the molecules forming a particular group become less and less 
permanent. This proceeds till the w'ater cont^t of the solution is sufficient to 
produce a pattern. This explains in general the behaviour of the solution. Before 
this final stage is reached it is, however, possible that there may be certain inter- 
mediate concentrations when the groups will be consisting of molecules of both 
kinds. Another factor which influences the nature and size of halo is the change 
in volume on mixing. Mixture of sulphuric acid and water is accompanied by 
changes in volume. This factor influences the patterns since it affects the distance 
between neighbouring molecules but the computation of the nature of its 
dependence on the spacing is evidently very difficult and is not possible at this 
stage. 

The w’ork was carried out in the Khaira Laboratory of Physics, University 

College of Science, Calcutta. The author takes this opportunity of acknowledging 

his indebtedness to Prof. B. B. Ray, D.Sc., for suggesting the problem and his kind 

guidance throughout. 

Khaira Labobakorv or Phvsics, 

University Cohece oe Science, 

Caicuita 
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VIBROGRAPH USED AS A VISCOMETER 

By T. riRUNARAYANACHAR, M.Sc. 

{Hvicivcd lot publication S* 

Plates XII and Xlll. 

■j 

ABSTRACT. A method has lieeii de.si-rihed /or comparing the vi.'.ro.sitie.'- of liiglilv vi.scon.s 
liquidh by using an improved form of the vibrograph^evi.sed by tlie author It is e.sseiitially 
a damping coefficient determination method, the damping coefiicient.s Kj and K being calculated 
from the vibration curves of an oscillating sphere in airfand in the liquid respectively. The 
method has the merit that it takes a very short tigie (a fraction of a .second), to make an 
Observation and that a permanent photographic record of the damped oscillations is obtained 
by whicb the visual uncertainty in noting the ends of the swing is automatically eliminati'd. 
It is suggesti d as an easy and (luick method for comparing the vi.scosities of highly vi.scous 
li(|uids. .An experiment conducted with giveerine at various temperatures .shows a linear 
dependence of T(d (viscosil\ » density of the li<|uid) on the value of ■K-Kni*. 


TNTROnrCTION 

The coefficient of viscosity of liquids has been determined by different 
methods by different investigators. The capillary flow method due to Poiseuille 
is a very convenient and accurate method. But in the case of highly viscous 
liquids like glycerine, it takes hours to make even one set of observations of the 
flow, since the rate of flow is extremely small under ordinary experimental 
conditions. The method is therefore tedious and unsuitable for the determination 
of the coefficient of viscosity of liquids in such cases. A modified method of 
using Poiseuille 's apparatus for the determination of »; of highly viscous liquids 
is described by Bhimasenachar.' The essential features of the arrangement are 
provision for temperature coiitiol, provision for keeping the apparatus dry in the 
case of hygroscopic liquids and provision and the use of a reservoii into which 
air is pumped to a required pressure. It takes comparatively smaller time to 
obtain a reading with the arrangement. Another satisfactory method for the 
determination of '>] of highly vicous liquids is the coaxial cylinder method. 
.■\mong the logarithmic decrement methods for measuring the i; of liquids we 
may mention the well known Meyer s oscillating disc method which consists in 
finding the logarithmic decrement of an oscillating flat disc in air and in the 
liquid; the method of simple pendulum vibrating in the liquid (Stokes®) ; 
and H. Martin’s ■’ experimental method based on Stokes’ mathematical investiga- 
tion of a vibrating wire in a liquid medium. The accuracy of the method 
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depends on the accuracy of the determination of the damping coefficient of the 
vibration of an electrically maintained wire in the liquid under test. The chief 
source of error in the method of finding i] based on the determination of k the 
logarithmic decrement or the damping coefficient is consequent on the uncertainty 
in noting the ends of the swings of the vibrating body. In the present investiga- 
tion, a method has been described which is speciallv suited for the experimental 
comparison of ^ of highly viscous liquids like glycerine. It is essentially a 
damping coefficient determination method, the damping coefficient being cal- 
culated from the vibration curves of an oscillating system in air and in a liquid 
surrounding the body. The vibration curves are obtained by employing the 
improved vibrograph designed by the author.^ The merits of the method are : 
(i) it takes a very short time, a fraction of a second to make an observation by 
this method ; I2) a iiennancnt photographic record of the damped oscillations is 
obtained and the visual uncertainty in noting the ends of the swing is auto- 
matically eliminated. It is suggested as an easy and quick method for com- 
paring the viscosities of highly viscous liquids. 

H X P Ti R I M K N T A L A R R A N (4 K U K N T S .A N I) 'I* II 1C ( ) R R T T C A L 

C O N S I I) K R A T T O N S 

The experimental arrangement consists of a steel bar of uniform cross section 
rigidly clamped at one end so that a convenient length of the bar projects fiom 
the top of the table. A hollow biass sphere about one inch ki diameter is rigidly 
attached to the free end of the bar through a short, stout wire, thereby constrain- 
ing the sphere to vibrate only in the vertical plane in a direction perpendicular 



to the length of the bar. A rigid pointer, which can conveifiently be a pin, 
attached to the free end of the bar as shown in the diagram of the experimental 
arrangement illuminated by the optical system and focussed on the slit of the 
vibrograph (vide Plates XII & Xlllh The bar is set vibrating and the vibrations 
of the oscillating system are recorded on the photograiihic plate shot at right 
angles to the direction of vibrations. Vibration curves are obtained first with 
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the sphere oscillating in air and then in the li(]uk1 contained in a vessel placed 
beneath the sphere so that it is well iniiiicrsed in the liquid. In working with 
different liquids the level of the liquid in the vessel is kept the same so that the 
vibration curves are obtained under identical conditions, as far as possible, the 
only variables being tj and d the density of the liquid when working with different 
liquids. From the vibration curves, kq the damping coefficient in aii and k the 
damping coefficient when the sphere is vibrating in the liquid are determined. 
Starting from the undisturbed position of the vibrating system, if is the 
amplitude of vibration at the end of a swing an|i a„ the amplitude at the end of n 
oscillations, then ao/a„ = £>«■*■;/ where r is the pe|iod of oscillation of the system. 


K “ the damping coefficient = - log,? 

V nr 


or 


= 

nr 


logic 


^ logic"®* ... (i) 

n ttf, 

The reaction of the surrounding medium, viz,y the liquid in which the sphere 
is immersed, has two-fold effects. The first is the loss of the energy due to the 
viscosity of the medium and the second the diminution of energy due to the 
added mass, a layer of the medium moving bodily with the sphere. This added 
mass increases the inertia of the moving sphere without increasing its weight. 
Thus the added mass of the liijuid affects the damping constant and not the 
frequency of the vibrating sphere. The irregularities attending the initial motion 
of the sphere inside the liquid, the eddies and the w^all effect etc., do not affect 
the periodic time but may produce only second order effects on account of the 
shortness of time (about 1/5 sec.) during which the observations are recorded. 
The effect of the wire to which tiie sphere is attached on the liquid is likewise 
a small quantity and has a negligible effect on the motion of the sphere. The 
damping coefficient k is, as in the case of Martin," a function of »/, d, n, the 
radius of the sphere, do the density of the material of the sphere and N the 
frequency of oscillations of the vibrating system. 

K = 0 ( f/, d, do, o., N ). 

Since, in using the apparatus, vibration curves are obtained w ith the sphere 
oscillating in different liquids at the same temperature or in a given liquid at 
different temperatures, doi ® N can be considered to remain constant. We 
are therefore interested in the investigation of the dependence of on and d» 
From Martin’s experimental verification of Stokes formula, we are justified in 
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assuming that »;d or k® = And where A is a constant. A is not dimension- 
less but is a function of do, and n. 

Thus to compare the viscosities and Vi of two liquids having densities di 
and d29 we have to determine and kj the damping coefficients in the two 
liquids. If kq is the damping coefficient in air, we have then, 

Vih = ( 2 ) 

The effective damping of the liquid only is taken as in Meyer’s'* experiment, 
the damping due to mechanical causes and vibrations of the sphere in air being 
subtracted. 

K X P K K I M n N 'J' Ah R K S U L T vS 

Bi-distilled glycerine for analysis (sp. gr. is the liquid chosen and the 

vibration curves are obtained with the sphere oscillating in the liquid at various 
temperatures. Table I gives the analysis of the results obtained. 

Taulk I 


T*C 

Temp, of the 
liquid. 

tto in cm 
Amplitude at 
the couimence- 
incnt. 

a„ in cm. 
Amplitude at 
the end of n 
( = 5) oscils. 

Damping 

CoiivStant K 
of the Osoil- 
system in 
the liquid. 

Damping 
constant 
in air. 

(K-K„) 

(K-Kj2 

I« air at 

32 ”C 

0-93 

0.70 


i 

n. 02 468 

I 

... 

34 '"' 

<■>•73 

‘>• 3.5 

0.0O620 

0.02468 

' 0.04152 

1 1 

o.(x>i72.p) 

45 -<» 

I 10 

‘»-59 

0.05410 

0.02468 

1 0.02942 j 

i 1 

0. 0008654 

S 5 *<> 

f >-<-;3 

<>.52 

'■■"4S.S" 

j 0.0246S 

! 

1 0.023S2 ! 

0.0005665 

(^>3.5 

0 c;7 

i ).58 

0.0^/^ 68 

j 0 0J.468 

i ’ 

1 0.02000 

6.0004000 


o.S.s 

‘>•.54 

‘».<> 39 ‘l‘> 

j o .(*2468 

j 0 01472 

o.(X) 02 i 67 


I.O(J 

0.66 

o.t>36io 

1 0.02468 

1 

j 0.01232 

0.0001518 


Note. — Tn evaluating and R the constant terms (2,303 and r) are omitted. This will 

not affect the final results since ue are comparhi}^ the damping coefficients. 

The vibration curves obtained at different temperatures are shown in the 
plate at the end of the paper. To verify the results indicated by formula (2), 
the relative viscosities of the same specimen of the liquid at various temperatures 
are determined by using a viscometer. 
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Fig. 11. Front view of the vibrograph. 



Fig. III. Back view of the vibrograph. 




Vihrograph used as a l^iscometer 


4^1 


Table II. 


TX 

Temp, of the bath 
in which the 
viscA)meter is 
immersed. 

t secs. 

Time taken for 
the liquid to flow' 
past tlie two 
marks on the | 
viscometer 

d 

Density of tl.e 
liquid at the 
Temp. 

li octet 

Relative viscosity 
of the liquid at 
the Temp. 

nd 

oc 

fdr 

32.0 

4854 

1.209 ;! 5869 

7096 

40.2 

2973 

'ill 

1.203 

3575 

4300 

45-5 

2211 

1.200 1 

2653 

i 3384 

58 0 

1271 

1 . 192 1 

1515 

i 1805 

1 

69.0 

890 

1.185 

1 

1052 

■ 1948 

80.0 

612 

1.177 j 

i 720 

; 847 

95 -^ 

397 

1 i 

1.166 ; 

1 :: 

I 463 

1 

j 540 


Table II gives the values of relative viscosities obtained. A graph (Fig. 2) 
is draw n showing the relation between temperature T and tjd, and from the grahp, 
the values of ijd corresponding to the temperatures at which (k — Ito)* are obtained 
by the vibrograph are computed. 



Table III gives the interpolated results. 
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Tabi,e hi 


T^C 

Temperature of 
Ikiuid 

i 

1 

1 

34*<> 


i 

635 

79 0 

95-0 

Relative yafues 
of vd at /rc 
got by inter- 
polation from 
Fig. TV. 

6250 

3^5" 

2050 

1500 

880 

540 

(K-K>2 
from vibration 
curves. 

0.0017240 

0 .000H654 

0 0005665 

0.0004000 

0.0002167 

0.0001518 


Fig. 3 shows thelin*ar relation between ffd and [k-KoV both computed 
at the same temperature. 



o lOOO 2000 3000 4000 5000 6000 7000 

Fig. 3 

The experimental results obtained with the liquid therefore support the pro- 
cedure suggested for comparing the viscosities of liquids using a vibrograph. This 
method of comparing the viscosities of liquids using the vibrograph where for 




TIHUNAHAYANACHAR 


plate XIII 


Air 32®c 


Ko=- *02468 


liquid 95"c 


79«c 


63*5®c 


55«c 


45®c 


34‘’c 


Electrical 
fork of 
78~ 



(K-Ko) 

•01232 

*01472 

•02000 

•02380 

02942 

04152 
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each liquid the time required is of the order of less than a second will be found 
convenient in the quick determination of relative viscosities of thick oils etc., 
used for lubrication purposes ; especially so because of the permanent photo- 
graphic records of the vibrations which can be used for subsequent computation 
or verification. 
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THE OPTICAL HYGROMETER AND ITS WORKING 

By L. D. MAHAJAN, M.Sc., Ph.D., F.Inst.P. (London) 

{Received for publication, J^ne ig4i) 

ABSTRACT. In this paper, the description of th^construction of the optical hygrometer 
is given. It works on the principle of a balance in the f^rm of a rod supported by two loose 
screws and at right angles to it there is another rod Saving two pans on its ends, rigidly 
attached with it. One pan contains the substance having high power of absorption and desorp- 
tion of moisture and the other pati balancing weights. i‘he rotation of the rod which is propor- 
tional to the change in humiditv is measured by the lanipf and scale arrangement. 

The theory, its sensitiveness and working are <Sscusscd in detail. A few observations 
recorded with this instrument are compared with those of the other kinds of hygrometers. 

INTRODUCTION 

Various kinds of hygrometers are being used in these days for determination 
of the relative humidity of the air. Some of the common forms are the wet and 
dry bulb hygrometer, hair hygrometer, and the paper hygrometer. But all of 
them are such that they take a long time to adopt the conditions of the air and do 
not show high degree of accuracy. Moreover, the hair and the paper hygro- 
meters do not give correct readings at very high and very low relative humidities. 
The small changes in the humidities of the air cannot be detected easily and 
correctly by any one of them. 

In view of the above difEculties, a new type of hygrometer' has been invented 
in this Laboratory which works on the principle of optical instruments. By its 
use many practical difficulties, which one has to face for the accurate work, will be 
overcome. 

A short note regarding it has already been published in the Current Science 
in its February number, 1941. But now in this paper, a detailed study of its 
construction, theory, sensitiveness, and use has been made. A short note regaid- 
ing the selection of a suitable substance having high powder of absorption and 
desorption of moisture is given. Besides a few’ observations iccorded with it are 
compared with those of the other kinds of > hygrometers commonly used in the 
laboratories. 


CONSTRUCTION 

Its construction is very simple and its line sketch is given in Fig. i. To a 
zinc rod a (balance beam) of about i mm. thickness, 2 mm. depth, an 6 cm, 
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length, a cup of zinc of about i cm. square and about 2 mni. deep, is regidly 
attached on its each end. Another cylindrical revolving rod of copper, b, about 
I Him. thick and 4 cm. long passing through the middle of the beam a is regidly 
attached at right angles to it. A small galvanometer mirror m of about 2 metres 
focal length is fixed to the revolving rod, just on one side of the junction of the 
revolving rod and the balance beam. 



The two ends of the revolving rod are made to rest on two fine well-polished 
and equally levelled glass plates p, p fitted on stands or they are very loosely fitted 
in the grooves of two hollow adjustable screws fixed in the two vertical suppoits 
P and P. The former method is more sensitive than the latter one but the latter 
is stabler than the former. Any one of them can be used according to the nature 
of the experiment and the accuracy needed. 

One of the cups (c and c) is filled with the Plaster of Paris containing about 
two percent calcium chloride or the black cotton-soil of Poona. Both have fairly 
high power of absorption and desorption of moisture, being available easily and at 
cheaper rate and also having slightly higher power of absorption and desorption of 
moisture than that of the former. Suitable weights are added into the othelr pan 
till the balance beam (zinc rod a) becomes horizontal. Instead of the fractional 
weights, pure thick sand or quartz powder can be used and may prove better than 
the weights which sometimes move in the pan and disturb equilibrium. 

The whole instrument is enclosed inside a rectangular glass cover. It fils 
well on its base which is perforated with holes. They help in free circulation 
of the external air inside it. The cover avoids any disturbance to the revolving 
arrangement due to any direct and strong current of air. 

Then the beam of light is throwm from an electric lamp and the scale arrange- 
ment L on the galvanometer minor and the reflected beam is thrown somewhere 
in the middle of a vertical scale S at a distance of about 200 cms. from the mirror. 
With a small change in the humidity of the air the spot of light moves through a 
^reat distance on the vertical scale. 
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S E L E C T r N OF THE S U B S T A N C E 

In view of selecting a suitable substance having high power of absorption of 
moisture from the moist air and desorption of moisture to the dry air, for the pan 
of the balancing beam, powders of various sul)Stances were tried. Some of them 
which need a mention are the following : — 

Plaster of Paris, calcium hydroxide, ahiminium hydroxide, lycopodium 
powder, sodium bicarbonate, sodium nitrate, qglcium chloride,, black cotton-soil 
of Poona; Patiala soil, and various mixtures of Plaster of Paris and calcium 
chloride, in quantities varying from i% to |t>% of calcium chloride in Plaster 
of Paris. 

It was observed that the calcium chloride, kralcium hydroxide, and sodium 
bicarbonate have high power of absorption moisture from the air and little 
power of desorption of moisture to the dry aif. While aluminium hydroxide, 
stearic acid, sodium nitrate, and lycopodium ponder have very little power of ab- 
sorption and desorption of moisture. But it w’ai observed that the fine pow^dcred 
soil of Patiala, the black cotton-soil of Poona, and Plaster of Paris containing 2 % 
calcium chloride work quite satisfactory for they cause a good shift of the spot of 
light on the scale for a small change in the humidity of the air, and the rates of 
absorption of moisture from the moist air and desorption of moisture to the com* 
paratively dry air are almost the same. But the last two are far better than the 
first, and the black cotton-soil of Poona is undoubtedly the Ixjst. 

It is a better arrangement, if a paste he made by mixing the black cotton-soil 
with a suitable quantity of water and one of the cups is filled with it. On drying 
up the paste, it works well. This process avoids the blowing away of the fine 
particles of the soil from the cup. 


T H E O R Y 

Let the W'eight of the substance in one of the cups be m gms. and the 
standard w^eights in the other pans be also ?m gms-, so that the balance beam be 
horizontal. When the relative humidity of the air increases, the substance in the 
cup absorbs some more moisture from the air and by this let the increase in 
weight of the substance be /x gms. This will bend thfe balance beam on the soil 
side through an angle 0 and raise the other side by the same angle. The revolv- 
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ing rod which is rigidly attached to the balancing beam rotates through the same 
angle. The galvanometer mirror attached with the revolving rod also rotates 
through the same angle. But the reflected ray of light deviates through double 
that angle, i.e., 2 B. 

Now in the above fig. 2 , let the w’eight of the balancing beam be M gms. 
When the beam is horizontal in the position ABC, the weight mg is acting 
at A, mg at B, and Mg at C. But after the adsorption of moisture, the beam 
takes the inclined position ECF. By imagining the vertical section taken 
through the centre of the beam that it cuts the beam at E, G, F. Thus the weight 
7 Hg acts at E, (w + /i)g at F and Mg at G. In this case the three points where 
the weights of the central beam and the pans are acting are not coplanar, i.e., A, 
B and C are not coplanar but C is slightly higher than the other two points 
A and B. 

Let I be the length of each arm, i.e., horizontal distance, CB=CA=i and d 
the depth of centre of gravity D below C. Let h be the depth of A and B below 
C when the balance beam is horizontal. It is approximately the same in both 
cases. 

When the beam is inclined : — 

The horizontal distance of A from C = I cos 6+h sin 6. 

,, ,, B „ =1 cos B—h sin B. 

„ ,. G ,, =dsin^. 

When the beam is in the equilibrium position, the moments acting on both the 
sides are equal. Therefore, 

(w + fi)g (I cos B—h sin 6) = Mg.d sin B+ (/ cos B + h sin B)vig 

since the angle B is very small, so cos<9=i and sin 0=^ very approximately and 
the above equation can be put down in the following form : 

(m+fi)g {l — hB) — Mg.dB+ll + hB)mg 
— fihB + ml — mhB + fil=M d6 + ml + hmB. 

By neglecting the product /iB which is very small and negligible, we get : 



e- 

Md + 2 mh 

... (i) 

or 

6^ 1 
fA Md 2 mh 

... ( 2 ) 

and 

Md’^rzmh jg, 

\ ^ 1 

( 3 ) 



( 4 ) 


where k is a constant equal to 
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The equation (a) gives the ratio of the deflection 6 to the difference in the 
loads on the two cups. This ratio is the sensitiveness of this instrument. 

The equation (4) gives the value of n, the increase in weight of the soil by 
adsorption of moisture from the moist air in terms of a constant k and deflection B 


where k is equal to 


Md +zmh 

j - 


which remains constant for any instrument and 


depends merely on its construction. Therefore,' the increase in weight // is pro- 
portional to 6 w'hich is the rotation of the revolvjfag beam. 

fjiOQ 0, 

But the increase in weight is proiKjrtional to thfe increase of the relative humidity 
of the air,^ therefore 


(H2-Hi)(X)fl 


(5) 


where Hj and Hg are the initial and IBnal relative humidities of the air. When 
Hj is zero, we get 

U.2 0oe ... 6 ) 


The angle 0 of rotation of the revolving rod is measured by means of a lamp 
and scale arrangement. If the distance of the scale be y cms. from the galvano- 
meter mirror and the spot of light shifts through the distance x cms. on the 
vertical scale, then we get : 


2^ = - (angle 0 being very small) 

or 

therefore, by substituting this value in equation (4), we obtain : 

=Gx ... (8) 

k 

where G is another constant equal to i.- which remains constant as long as the 

y 

arrangement of the apparatus, i.e., the distance of the scale from the mirror re- 
mains the same. 

Let )ui be the increase in weight when the humidity increases from Ho to Hi 
and /»2 ^ fh® increase in weight when the humidity increases from Ho to Hs, 
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and let the shifts of the spot of light in both cases on the vertical scales be and 
X‘j respectively, then 

H,-Hn 
Ha — Ho M2 

• Sl_~ ^io, = ( q ) 

■ ■ Ha-Ho G-ra .va' "■ ^ 

If Ho and Hi are known, Ha can be calculated. If the arrangement is so made 
that Ha represents zero, relative humidity and the corresponding reading on the 
scale be zero cm. and Ki and Ra are the readings taken on the scale for the rela- 
tive humidities Hi and Hg. then 


H, _ R, 

Hs Rg • 


(lO) 


If Hi is known, we can calibrate the scale in terms of the relative humidities. 
Then the readings on the scale will represent directly the relative humidity of the 
air or any chamber where the instrument is kept for record of observation. 


S E N S T T I V E N E vS S OF THE INSTRUMENT 
0 I 

The equation (2) == , which has already been derived above 

/I Md"h2nih 

represents the ratio of the deflection (9 to the difference /x in the loads on the two 
cups and is the sensitiveness of the instrument. But if the cups arc so made that 
they arc above the horizontal, that is, C is below A and B, then the sensitiveness 
of the instrument becomes : 

- = ( \ 
m' Md-2mh' ■ 

Thus the sensitiveness can be increased in both the cases by increasing I the 
length of the arms of the balancing beam and by decreasing M the mass of the 
beam and d the depth of the centre of gravity of the beam from the point of 
suspension. 

In the former case, the sensitiveness will also increase by decreasing m the 
load in either pan, and h the depths of the points A and B below the horizontal. 
But in the latter case the sensitiveness will increase by increasing m and h for C 
is below the external points. 

In both the cases, the quantity (Md ± 2mh) is very small and I is fairly large 
for the balancing beam is made of zinc and has small dimensions and the beam is 
almost horizontal. The quantity 2mh is very small. Therefore the sensitiveness 
is very high. 
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OBSERVATIONS 

The results obtained with this instrument are satisfactory. It works to a high 
accuracy. The small changes in humidity of the air can easily be detected with 
it. A few of the observations recorded with it and other kinds of hygrometers 
are given below in table I and indicate the comparison of results. 




Table I 




Change iri % 
Humidity recorded 
by it ^ 

1 

i v^hift of the spot of light on the 

No. 

Kind of Hygrometer 

, ccrtical scale or of the ntcdle on 
' the dial of the instrument 

1 

1 

I 

Wet and dry bulb Hygrometer 

•y 

1.2% increase , 

A fraction of a degree on the- 
thermomt ters 

2 

Paper Hygrometer 

1*5% 1 1 

1 mm. approximately on the dial 

3 

Hair Hygrometer 

,> i. ! 

r.5 mm. approximately on its dial 

4 

Optical Hygrometer 

j 

1*0% \ j 

2.501118, appioxiinatcly on the verti 

1 cal scale 

I 

Wet and dry bulb Hogrometer 

1.1% decrease 

A fraction of a degree on the 
thermometers 

2 

Paper Hygrometer 

1 - 3 % ! 

1. 1 mni. approximately on its dial 

3 

Hair Hygrometer 

'■<>% i 

j /\ mill, approximately on its dial 

I 

Optical Hygrometer 

I-f'% 

2.4 cms. appro.xiniat ely on the verti- 
cal scale 


The above observations lead us to the conclusion that even one percent, in- 
crease or decrease of luiniidily of the air cannot be easily detected and accurately 
read from the wet and dry bulb, the hair and the paper hygrometers, as in the first 
instrument the size of the degree of the thermometer is very small, and in the case 
of the second and third instruments the shift of the pointer on the dial is hardly of 
the order of one millimetre. But the same change in the humidity causes a shift 
of the spot of light on the vertical scale of the optical hygrometer through - 5 cnis. 
which can be read quite easily and accurately. Thus small variations in the 
relative humidity of the air, even of the order of 1% or less than 1 % can easily 
and accurately be detected by this instrument. 

The sensitiveness of this instrument may be compared with that of the hair 
hygrometer by comparing their shifts on their corresponding scales. Thus, 

Sensi tiven ess of the Optical Hygrometo 
Sensitiveness of the Hair Hygrometer 

_ Shift of the spot light o n th e vertical scale 
Shift of the pointer on the dial 


=r 

0.15 

= 17 times approximately. 
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CONCLUSIONS 

Further work is being done in this laboratory to find a better substance 
having still higher power of absorption of moisture from the moist air and desorp- 
tion of moisture to the comparatively dry air, than that of the present ones used 
in it. Attempts are also being made now to make it more sensitive, accurate and 
practicable for everyday use in the laboratories and the meteorological observa- 
tories. 

The author is greatly indebted to the Government of Patiala, for having 
provided facilities to carry out the above work in the Research Laboratory 
of the Mahendra College, Patiala, The author also expresses his heartfelt thanks 
to Dr. L. A. Ramdas, Agricultural meteorologist of the India Meteorological 
Department, Poona, for having provided me with a sample of black cotton soil 
of Poon%for the above work. 

Physics Research Labokatory, 

Mahendra CoitacK, 

Patiau. 
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^ L. D. Mahajan, “ Adsorption of Moisture from the Moist Air by the Soils,” Ind, 
Jour. Phys., 14, 44i-45<5i (i94^). 
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THE SECONDARY K-ABSORPTION SPECTRA OF FERRIC 
OXIDE IN SOLID AND IN COLLOIDAL SOLUTION* 

■I 

By S. SEN' 

[Received fot piiblication^'pinc ^0, /p./!.) 

ABSTRACT* Secondary K-absorption spectra pf colloidal solution of ferric oxide have 
been investigated and coriiparc«l with those obtaiqBied in solid ferric oxide. An extended 
secondary structure has also been found in the colloid^ solution. A comparison of the second* 
ary structure in the solid state of ferric oxide and in ttlfe state »)f colloidal solution has revealed 
that the positions f)f the siicceedinf^ maxima and minima are not identical in the two cases. 
Marked diffi rente has al.s() been noticed in the position and width of the primary edge These 
results have given rise to important speculation as to the nature of the colloidal particles. From 
this experiment it has not been possible at the present moment to decide di finitcl> whether 
these colloidal particles are simple niolccnlar aggregation or crystallites of begOj. 


I N T R (I 1) U C T I () N A N I) R X P K R I M K N T 

Tile behaviour of substances in the colloidal state has been the subject of 
interesting and inipoitant study in physical chemistry. The colloidal particles, as 
we know, are iiialler in finest division having their diameter small enough to share 
the random motion of the molecules in accordance with tlie well-known gas kinetic 
laws and do not settle under the force of gravity, but are large enough compared 
to single molecules so as to be visible under ultra-microscope. The radii of 
' the colloidal particles usually ranges from lo" ’ to io“^ cm.f Each particle is 
therefore formed of several molecules clustered together. Now each colloidal 
particle, say Ke203, may be crystalline, the oxygen and iron atoms being regularly 
arranged or it may be a cluster of several FcoOg molecules. We have undertaken 
this investigation with the view that the study of the secondary structure may 
throw some light on this question. 

An electron type of metal X-ray tube was used for the present investigation. 
The slit of the spectrograph, which is adjustable, was kept constant at .i mm. It 


* Communicated by the Indian Physical Society. 

I The Physical Properties of Colloidal Solution Rditionl, R. b. burton 
5-1387P-VI 
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was covered with a thin aluminium foil and the well-known Bragg focussing 
method was adopted. The dispersion on the photographic plate was 15.6 X.U. 
per mm. Each negative plate was microphotographed at several points for preci- 
sion measurement and the dispersion on the microphotograph was 24 X.U. per 
mm. 

The colloidal solution was prepared in the following way . Ferric hydrate 
Fe(OH)!) precipitated from ferric chloride solution by adding ammonium 
hydroxide is filtered and well washed with distilled w'ater to remove the trace of 
NIIjOH and Clj. The precipitated ferric hydroxide is then added to a saturated 
solution of ferric chloride and the whole was then well shaken. The colloidal 
solution of ferric oxide is thus obtained. On long standing, the coarse particles, 
formed at first, gradually break up into finer ones. One such colloidal solution 
having its particle size roughly of the order of 10“*’ to 10"" cm. in diameter has 
been investigated, 

A special type of cell holder w'as designed for the purpose in which the 
colloidal solution may be contained and exposed to the path of X-ray beam. It 
consists of two rectangular brass plate in which similar rectangular slots were cut 
out. A thin piece of rubber sheet was placed between the plates and screwed at 
four coi'ners. The solution is contained in the lectangular opening ; the two 
surfaces of the plates were covered by thin pieces of celluloid film. 

The results on colloidal ferric oxide os well as on solid ferric oxide are given 
in tables I and II. The position of the succeedit)g maxima and minima are given 
in X.U. The differences of the position of these maxima and minima from the 
main edge are given in X.U. and in electron volts. 

The following peculiarities arc noteworthy : 

1 . The Secondary absorption edges appear on the short-wavelength side of 
the I nncipal K -absorption edge of iron in colloidal solution of ferric oxide, and 
extend to about 200 volts from the main edge. 

2. The distances of the secondary maxima and minima in volts from the 
principal absorption edge have not come out identical in colloidal FcjOj and in 
solid FcjOj. The intensity di.stribution in the fine structure in the two cases is 
also different. 

3. The position of the primary edge in colloidal solution has shifted to 
longer wavelength compared to that in the solid state. 

4. The width of the edge has also increased in the colloidal solution. 
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Table I 


Solid and Colloidal Feruc Oxide 



1 1 

K 1 

! ! 

A ! 

a 

n j 

1 

! ^ 

y 

D 

s 

B 

€ 1 

1 1 

F 


' x’r. *736 4 

17328 

1727-8 

1722 1 

1717-7 .17140: 

1713.8 

1703-5 

1698.3 

1694.7 

1689.7 

1687.3 

Solid 











1 

l'eaf )3 

5 a I o 


8.6 

14.3 j 

18.7 

, 22.4 j 

1 1 

24.6 

32-9 1 

1 

38.1 

41.7 

46 7 

49-1 


1 

5 ^ 1 o 

1 

14.78 

33-1 

.S 9 ...| 

77-4 

92. y| 

lf>2.2 

137-4 

1 159*5 

175.0 

1 196-S 

.'’06.9 




1 



j 

■ ■ 


— 

1 ' 

1 


Collf)- 

. 737 .. i 

I1732.7 

1'/26.6 

1721. 4 11739.6 

1 : 

1717-7 j 

17147 

1703.6 

1696. u 

1 1691. 8 3689 9 


idal 

! ^ 0 

4-52 

30,62! 

i 

37.6: 39.5 

1 22 5 

' 33-6 

41.2 

45-4 

: 47-3 


FejOs 

’ 1 






1 


1 




\ Bif \ 0 

1 ' i 

18.S 

43.7 

(>5.1 i 

72.7 

8U.7 

93.3 

140-2 

172.6 

1190-7 

j 198.9 



Table II 

Positions and IVidilis oj Piincipal Jbsotpiion Ed^c in Solid and C olloidal Fe^O^ 


i 

A in X.l'. 

1 

•-/R 

5 A ' 

1 

1 

Width iii X.TI.j 

Width in e.v. 

Solid 

1736.4 

1 524.8 1 

1 

i 

1 

(1 

3-6 

1 

i 14-7 

Colloidal 

1737-2 

j .524-6 

^ 1 

1 

3.3 

5.B 

i 

j 22.9 


1) I vSC US SI ON 

Secondary structures extending over several lumdicd volts may be either due 
to the crystal lattice oi due to the polyatomic molecules. But the secondary 
structure from the crystalline field is difTcrciil from that w hich simply ari.'-cs from 
the molecular field. Further as the particle size diminishes its crystalline property 
may be different from that in which the particle size is large. Hence the second- 
ary structures may also be different owing to the diminution of the particle size. 

Our experimental results on colloidal solutions indicate that the secondary 
structure obtained in the colloidal solutions is different from that obtained in the 
solid FeaOa. This difference in secondary structure suggests that if the colloidal 
particles exist in the crystalline state, their crystalline property is different from 
that in which it exists in the solid Fe2C>3* This may be due to the diminution of 
particle size and as such there may be a change in the secondary structure. 
From the diffraction experiments on colloidal precif)ilates dune in this laboiatoiy, 
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we have observed that precipitates of metal sols are crystalline while non-conduct- 
ing colloidal precipitates show amorphous bands coinciding in position with the 
strongest groups of sharp lines of the crystalline sample. This observation 
further couipiicates the problem as these diffraction bands (amorphous) may really 
arise from very small crystalline particles where the number of lattice planes is 
too small to show any perfect interference. Further the colloidal particles may 
also exist as simple molecular aggregation without any crystalline field. This 
may also account foi a change in the secondary structure. At present it is how- 
ever difficult to arrive at any definite conclusion as regards the two hypotheses, 
rm , whether the colloidal particles are simple molecular aggregation or small 
crystallites of KcaOj. 

This investigation was carried out in the Laboratory of the University College 
of Science and the author thanks Prof. B. B. Ray for the interest he has taken 
during the progress of the work. 


Khaira Laboraioky or Physics, 
UmVEKSIIY CcI,LK'.E ok SciRNCJ, 
Caicuita. 
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STUDIES IN ANTENNA RESISTANCE AND REACTANCE* 

By S. R KHASTGIR. D.Sc., |^em. I. R. E. 

AND I 

C. CHOUDHURW 4sc. 

iRcicivrd for pitblicatiou, ]ii 0, 

ABSTRACT: Mea.sureniciil.s of antenna resistaivc |pml reartancc were carried out by 
follr.wing Willans' doiiblc-btat tnitlud fci a rar.ge of fiffjuencie.s frc.in ah(.iit 33okc/sec. h) 
about 2300 kc/sec. j- 

The ttieory of the iiiettiod of nieasurenients ih de.scribaid and (he experimental results given 
in the paper. Jleasurenients were made for three different types of receiving aerials viz., 
(i) vertical aerial, (2) inverted L-aerial and (3I T-aeritl, each being earthed. The effect of 
varying the length of the horizontal part of the last two aerials wa-s also studied. 

1. INTRODUCTION 

The Aiiteiina re.sistaiices and reactances of three different types of receiving 
aerials viz. ti) vertical aerial, (2) T-aerial and f.Vl inverted L-aerial were measured 
by Willans' ' method for different radio frequencies within the range front about 
2300 kc/sec. to about 330 kc/sec. and the results of these measurements are 
recorded in this paircr. Willans’ method had already been apjdied to a detailed 
investigation of the variation with frequency of the resistance and reactance of 
an earthed receiving aerial of apinoximate Ivshapc over a very w ide range of 
frequencies by Wilniotte and Colebrook,* of the Radio Research Board, (ireat 
Britain- Antenna resistance measurements by other methotls had also been 
carried out by many invcstigatois, such as T- L. lickcrsley,’’ Moullin,^ Miller, ’ 
Smith-Rose and Colebrook " and others for different ranges of frequencies. 

All the three types of receiving aerials employed in this investigation were 
grounded. In the case of the T-type and the L-type of aerials, measurements 
were also carried out to find the effect of the length of the horizontal parts of 
these aerials on the values of antenna resistance and reactance. 

a. WILLANS’ METHOD OE II. E. R E S I S T A N C E 
MEASUREMENTS 

The princii)le involved in the method of Willans is really an essential part 
of the method. The principle is the well known principle of transformer action 

• Coiiuuunicated by the Indian Physical Society. 
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when a current flows in a secondary circuit, the resistance and reactance of 
primary circuit apparently change. 

Consider a secondary circuit having inductance L, resistance R and capacity 
C in the neighbourhood of an oscillating primary circuit having inductance hu 
resistance R, and capacity C|. Let M be the mutual inductance between the 
primary and the secondary inductances and <.> the angular frequency of the 
currents. If Xi, Ri and X, R be the values of the primary and secondary 
reactance and resistance respectivLiy without the secondary elTect, then calling 
X' and R' the cfl'ective values of the primary reactance and resistance, we can 


write 



R'=R + rR, 

and 

X'-X -r-x, 

where 

...LAP 
R= 1 X“ 


The change in the reactance means a change of the effective inductance of 
the oscillator (primary) coil which in turn causes a change in the emitted fre- 
quency of the oscillator. This change in the frequency of the oscillator is directly 
proportional to the change of reactance v\hich is y^X,. The frequency-change 
is then given by 


A/ (X 


ioHr^ 


.X 


1 


Now it can Ire easily proved that for toM = constant, the change in frequency is 
maximum, when R* = X® or when R= ±.v 



^ ... (3) 



Here C' -< C" arc the values of the secondary capacity for the two alternative 
conditions for maximum change of frequency as given in (3). Combining now 
the two alternative conditions, we get 


R = 


2m \c" a ) 


(4) 


3. general experimental P R G C E I) I! r e in 
WILLANS’ METHOD 

The change in the emitted frequency due to the change in the effective 
reactance of the oscillator circuit can be discerned as an alternation of the beat 
note in the telephones connected to an oscillating receiver. Let us consider 
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three circuits (i), (:2) & (3) as shown in fig. i. Circuit (i) is the measuring 



1 I 

circuit which comprises an inductance L, a ressjfetance R, a suitable standardised 
variable condenser C and a sw’itch K, circuit (2) k an osciilator circuit with an 
inductance Li, a resistance Ri and a suitable standardised condenser C,. 
Circuit (3) is a detector-oscillator of the sain ej type as the circuit (2) with an 
inductance hn a resistance Ro and a variable concfcnser C\.. A i)air of telephones 
is ifi the anode circuit of this detector oscillator. When the frequencies of the 
two oscillators are suitably adjusted, it is possibly to hear the heterodyne beat- 
note in the telephones. 

The experimental procedure is as follows; With the switch of circuit (i) 
open, the frequency of ('3) is first adjusted to the desired value and the frequency 
of (2) is adjusted by varying Ci till no beat-note is heard. With the circuit (i) 
closed, the condenser C varied till the beat-note again disapiiears ; i.c. the fre- 
quciicy of (2) is back to its original value. This gives Cr the resonance value 
of C. Next displacing C by a small amount the beat-note is again heard due 
to a change in the frequency of (2). Ci is now changed till the beat-note 
disappears. If the pioccss is repeated for other positions of C, it will be found 
that the variation of Ci required to balance the efiect of variation ol C is of the 
same form as the variation of fre(iuency shown in fig. 2. Here the ordinate 



represents the heterodyne frequency (which depends on the value of Cj) and 
abscissa, the value of C. Two peaks are observed on both sides of the C- value 
which corresponds to the original frequency and these peaks appear for two 
different values of C viz., C' & C". The H.F. resistance R of the measuring 
circuit (i) can then be obtained from equation (4). 
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The curve cuts across the horizontal line representing the capacity of C, 
corresponding to the initial frequency of (2), at a certain value of the capacity 
C which is the same as the resonance capacity Cr. 

4 KX PKKT MENTAL T E C H N 1 (J U R IN THE PRESENT 

I N V K S T I G A T I 0 N 

The complete arrangement of the ai)paratus is shown in hg. 3. The 
oscillatois weie of tlie Hartley type. A i)aii of telephones was inserted in tin 
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anode circuit of the detector-oscillating valve. When tlie frequency of each was 
adjusted, it was possible to hear the heterodyne whistle The L.P'. e.m.f. 
developed across the telephone was then fed into a 3-valve amplifier of the con- 
ventional type. A loudspeaker was connected to the output of the amplifier. 
Through this loudspeaker w^as passed an audio- frequency current from the 
secondary circuit of an audio oscillator of a suitable constant frequency. 
A variable resistance was iiiseited to adjust the amplitude of this audio-frequency 
current so that the heterodyne whistle and the sound due to the audio-frequency 
current from the audio-oscillator couid be ir.ade of the same order of intensity. 
As a result of the superposition of these two audio-frequency currents through 
the loudspeaker, beats couid be heard. The tuning condenser Ci or C- of either 
oscillator could be adjusted till no beats were heard. This double-beat technique 
increased the accuracy of the condenser settings to a consiaerable extent. 

All the condensers were properly shielded and calibrated veiy accurately. 
A mercury-link was included in the measuring circuit. Usually moie than one 
condensers fitted with slow-niotion dials were used in parallel both foi C and CT- 
IrOng glass rods fixed to the condenser knobs w^ere employed for turning the 
condensers. 
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5. MFASUREMKNT OF THE ANTENNA RESISTANCE AND 

REACTANCE AND THE THEORY OF THE METHOD 

* '•» 

First, the measuring circuit consisted of an inductance L and a standardised 
variable capacity C. The H.F. resistance R of this circuit was measured by the 
method of Willans. The resonance value of C was Cr. Next, the aerial under 
investigation was connected to one end of the inductance and the other end was 
put to the earth. vSimilar procedure w^as followed to measure the equivalent 
resistance R' of the complex circuit. The resonance capacity of the variable 
condenser in this case W'as C',. \vhich was differer^ from Cr. 

Measurements of R and R' weie made succes|ively and the coupling between 
the coil of the oscillator and the coil of the melsuring circuit was kept fixed for 
each frequency. { 

The theory of the method is indicated below. \ If R^ be the effective antenna 
resistance, it can be shown that 

= + , since <..RC^« (i -m^LCV). 


Therefore R,^R'-— = R' - 

I - 




Since 


u)®LCr = ii we can write 


c. 



I5) 


The effective reactance of the antenna can be obtained in the following 
manner. If X' be the reactance of the complex circuit when the antenna is 
connected in the maimer shown in fig. 3, the condition of resonance is given by 
Xe + X'=o, Under the conditions of the experiment, it can he shown 


X';:; 


I 


o)L 


<»>u. 


CV-C'/ 


so that the antenna reactance will be given by 


The values of the antenna resistance and reactance were obtained with the help 
of (5) and (6). 


6. R X r K R 1 M K N T A b R R S V L T >S~V A R I A T I () N OF A N T F, N.N A 
RESISTANCE AND REACTANCE WITH FREQUENCY 

The results of measurements for the earthed vertical aerial, the inverted 
L-aerial and the T-aerial are given in figs. 4 , 4(fl), 5, {(u) and 6, 6(a^. 

6— 1387P— VT 



FtttQUENCV IN Kc /l 
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7. VARIATION O 1'' ANT !•: N N A R K S I S T A N C R AND R R A C T- 
A N C R WITH T U K R K N Til o F T II 1 C lU » R I Z O N T A L 
PAR T O I- T II K T-A K R I \ R AND T H 1C L-A R R I A L 

The experiuienls on the variation of tlic antenna resistance and reactance 
with the horizontal top looRth were carried with freq : S45 kc/sec. (A.=355;»i). 
Tlic results of ineasureuieiits with a *‘T ’’-aerial fire given in tabic IV. 

Tabi.e IV i 

Earthed T-aerial : Frequency: 845|kc/sec. (A = 355 >; 0 . 


Without aerial Witjb aerial 


lop length 
unctres) 

1 

i C' 
</*/“•/) 

1 

i 

i 1 

c. 

(/Aju/j 

R 

(ohms) 

C' 

1 (m/a/) 

C" i 
1 (mm/i ! 

(/am/) 

R' 

1 (ohms 

R, 

(ohms) 

X, 

(ohms) 

31.0 





2 i )2 

350 i 

319 

! 

54-2 

41.S 

— 7.01 X lo2 

10.5 



1 


305 

365 j 

332 

50 . 4 (> 

37.4 

'" 7-36 M 

30,0 

579 

600 

589 

5-7 

312 

370 1 

339 

46.9 

33.5 

- 7-57 .. 

9.5 





3^2 

366 ' 

3*14 

1 43-45 ' 

29.7 

- 7-72 M 

8.5 





j 3 '.iS 

3»2 ! 

1 

35.1 

j 39.8 

25-5 

1 -8.05 ,, 


Similar experiments were performed with an E-aci ial of different horizontal 
top-lengths for a definite frequency. Tlie results of measmements are given in 
table V. These arc illustrated in fig. 7. 


T-mhusi. 



Fhj 7 
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Tabi.e V 

Earthed L-aerial (inverted). Frequency ; 857 kc/sec. (A = 35om). 



Without aerial 

With aerial 




Top length 







R. 

X. 

anetres) 

C' ! C" 

c\ 

R 

C’ ■ C'"' 

r. 

R' 

(ohms 

(oh in si 




(ohtti 8 ) 

. >^/) 


•olitnsi 



11-75 

i 



. 

123 150 

137 


146 6 

— 2 885 X 10* 

11. 0 

j 



124 ; 151 

1 38 

148 2 

144.6 

-2.888 „ 

10.25 

778 i 7*8 

783 

30 

125 1 152 

139 

i ‘15 9 

i 141-25 

-2-893 .. 

9-5 




126 1 155 

140 

143-5 

139-85 

-2-897 

8-75 

i 

i 


1 1 

i ^’7 i 154 1 

1 

Ml 

! 1 

M' 7 

[ 158.1. 

-2-9^'2 ,, 

S. D I S C 1' S S I 0 N 0 F ']' 11 n 

K X P K R I M H 

N T A h 

R K S U h r s 


In the case of the earthed vertical aerial and the earthed inverted L-aerial, 
the effective antenna resistance was found to increase steadily with frequency 
as can be seen from figs. 4 & 6. The smallest wavelength in the investigation 
was however larger than the natural fundamental wavelength of the antenna.) 
In the case of the T-aerial, on the other hand, the resistance at first decreased 
steadily with the increase of frequency and attained a minimum value but 
subsequently it increased with furthei increase of frequency. The minimum 
value of the antenna resistance appeared at 750 l:c/sec. The existence of such 
a minimum in the value of antenna resistance had also been previously observed 
by earlier investigators. 

There had been attempts also to explain the nature of the variation of the 
antenna resistance with frequency. An a])proximate theory for the case of a 
perfectly conducting straight veitical wire connected to homogeneous earth with 
a horizontal surface, had been worked out by Ecclcs ' It had been shown that 
if R is the antenna resistance at any wavelength A, then 

Rq — R _ ^AojA — Ap) 

Ru ” "a* 

where Ao is the notura! wavelength (fundamental) of the antenna and Ro is the 
antenna resistance at that wavelength. The equation shows that if the resistance 
R be plotted against frequency, the cuive is a parabola. It can be seen that the 
minimum resistance is R0/4 and occurs at A= 2A0 and that when A = 3A0, the curve 
is straight and directed through the origm. The resistance is R0/3 for A=3Ao. 
This ideal curve was, of cotnse, departed in many practical cases. According to 
Colebrooks^ theory, the antenna resistance of a vertical or an E-aerial should 
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vary much in the same way as in our experiments. The observed variation of 
the antenna resistance of a T-acrial resembled Ecclc’s theoictical curve to a 
certain extent. 

Referring to the antenna reactance of a \eitical eaithed aerial, it can be seen 
from fig. 4 that its value was negative and that it increased steadily with fre- 
quency, tending to pass through the zero value. In the case of the earthed 
inverted L aerial, the antenna reactance (which was also negative) increased with 
frequency and in the region of 900 kc/sec., it suddenly began to decrease with 
the increase of frequency, as is evident from fig. ife. In the case of the T-aerial, 
the antenna reactance was found to fall suddenly in the frequency region of 
iiiinimuni antenna resistance ; otherwise, on ihf whole, the antenna reactance 
showed an increase with the increase of frequcnc|r. (See fig. 5 ) 

Regarding (he variation of the antenna re^stance and reactance with the 
horizontal top-length of the T-aerial or that of |he inverted L-aerial for a definite 
frequency, the experimental re.sults showed that both resistance and reactance 
increased steadily w ith the length of the horizontel part. (Sec fig. 7.) 


g SI'MMARY 

bbxpei iiiieiits to study the variation of the total-loss-resistancc and reactance 
of receiving aerials with frequency were carried out following Willans* double- 
beat method of measuring H.F. resistance. Three different types of aerials were 
employed viz. the vertical aerial, I'-aerial and the inverted L-aerial each l:)eing 
grounded. It appeals that in the case of the vertical aerial and the inverted 
L-acrial, the antenna resistance steadily increased w ith frequency. The range 
of frequencies did not however include the natural fundamental frequency of 
the aerial or its harmonics. In the case of the T-aerial a definite minimum for 
the antenna resistance appeared to exist w itliin tl e range of frequencies employed 
in these measurements. 

The antenna leaclance was found, in general, to increase with (he inciea^e 
of frequency. In the case of the inverted L-aerial the rise was followed by a 
sudden decrease with the increase of frequency at a cei tain frequency. In the 
case of the T-aerial, there appeared a sudden diminution in the value of the 
antenna reactance in the region w’here the minimum antenna resistance was 
observed. 

The experiments also showed that the antenna resistance and reactance of 
a T-aerial and an inverted L-aerial increased with the increase of the top-length 
of the horizontal part of each aerial. 

Physics bABOBAtoRY, 

Dacca University 
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R H r E R K N C E vS 

V 

* Willans vide Turner’s paper, Expcriniental W ireless W^ireless Engineer, p. 348, 
March, 1925. 

® Wiluiotte Cokbrook Eko. Enejneers vide Exp. W ireless & VV K.” p. 83 

(1931)* 

3 T. h, Kckerslcv, Jour. LIC.E., 9 , 58 (1922). 

< Moulin, High Ertqueney Measuren ents, p, 4ef» (i93i^» 

5 Miller, Pureau of vSlandards, 13 , 1916-17. 

* Smith-Rose & Colebrook, Exp. Wireless & W'M{. 2 , 207 (1925). 

7 Eccles, Handbook of Wireless Telegraphy & Telephony, and edition, p. 129. 

^ Colebrook, Experimental Wireless and Wirelc.ss Engineer, p. 657, Nov. 1927. 
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APPLICATION OF THE THEORY OF RANDOM SCATTERING 
ON THE INTENSITY VARIATIONS OF THE 
DOWN-COMING WIRELESS WAVES OVER 
LONG TRANSMISSION PATHS 

By M. M. SEN Gl|PTA 

AND 

S. K. DUTT ; 

(Rccehcd for publication, Mifiy 20, 1041) 

ABSTRACT. Pawsey’s theory of random scatterinji to explain the variation of the ampli- 
tude of down-eoming radio wave.s was applied in the ca,s« of transmission over moderately great 
cli.stances in the medium wave band Result.s indicate that while random scattering is a predomi- 
nant factor in determining the .strength of the down-coming wave.s, the observational data 
cannot be fully accounted for by this theory alone. It is sugge,sted that for long transmis.sion 
paths the pre.scnce of other factors mu.st also lie taken into consideration. 

INTRODUCTION 

Pawsey* has shown that a single reflected ray from ionosphere does not 
consist of a single ray but is built up of elementary contributions from a series of 
diffracting centres distributed more or less at random in the ionosphere. Working 
with a w'avelength in the medium hand (200 m. to 500 m.), he found that the 
variation of the amplitude of the down-coming wave is consistent with the 
probability formula given by Lord Rayleigh. The re.sult of his experiments, 
was obtained with a transmission path of 56 Kms, (London Regional Transmitter 
-—Sydney Sussex College Receiving Station); it was thought desirable to test 
whether the theory of random .scattering as given by Pawsey is applicable even 
when the transmission path is made considerably great. The present communi- 
cation gives an account of the study of variation of intensity of down-coming 
waves in the medium band (wavelengths 370.4 m. and 257.1 m.) from two Indian 
Broadcasting stations, riz., Calcutta and Dacca, at distances as great as 480 and 
610 Kms.* All the data for measurements were obtained in our case from auto- 
matic photographic records of received signals taken between the hours 6 n.M. and 
10-30 P.M. over a period of about two years. 

• Recently a paper has been published by Khastgir and Ray (Indian journal of Physics, 
U, 283, 1940), but here also the distance was not more than 245 Kms Moreover, the data 
were secured from visual observation of galvanometer deflections 
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AUTOMATIC RECORDING 

The automatic recording was made as follows : — A bromide paper was fixed 
on a drum rotated by a clockwork, the whole system being put inside a light- 
tight box. On one side of the box there was a fine horizontal slit which could be 
opened or closed. The vertical image of the straight filament of a lamp formed by 
reU.clion from the galvanometer mirror was allowed to fall on the slit. The 
deflection of the spot of light at any instant was thus automatically recorded. 
The vertical lines in the photogra])liic records of Fig. 4 were obtained by means 
of another clockwork making contacts of an electric circuit containing a 4* volt 
lamp every 4 minutes. 


R K C K T V T N O S Y vS T R M 

The receiver was a battery set of the superheterodyne type consisting of tw'o 
stages of H. F. amiilificaiion preceding an oclcde frequency-changer with a 
separate oscillator and one stage of 1 . F. amplification followed by a second 
detector which was a double-diode-triode giving a linear detection. The relaticTi 
between the input voltage and the deflection in the galvanometer is shown in 
Fig. T. It w’ill be observed that it is practically linear within the working range 



Calibrating IT, I', current in the coil of 2 turns. 

(1) Diode bias ... (» volt. 

(2) Diode bias ... 0.5 volt. 

Fig. I 

except for field strengths below 70 firfm. We had also used a square-law 
detector in some of our measurements. The circuit diagrams of both types of 
detection are shown in Figs. 2 and 3. 
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The calibraiion of the receiving scl {pJiolographicaUy) and calculation of the 
field strengths. — The calibration of the receiving set was done by the method 
adopted by the Standardization Coiiiniittee of Radio Engineers (Hund*s High 
Frequency Measurements, page 346). A small coil of 2 turns was placed along 
the axis of the loop aerial. The deflections di, da, d^ L Eig. 4(6) ] in the output 
galvanometer (G) corresponding to known II. F. currents in niiiliarnps. of the same 
frequency as that of the signal in suitable steps were photographed. This was 
done both in the beginning and at the end of each observation with the loop 
set ill the minimum position. The line joining the spots in the beginning and 
end of each observation for a particular H. F. current thus gave the strength 
level when reduced to micro- volts per metre. A graph was plotted with galvano- 
meter deflection against calibrated field strength, from which the desired field 
strength corresponding to any deflection could be easily evaluated. 

It will be observed from photographic records that the zero setting remained 
almost undisturbed throughout the period of observation which was 2 hours 
7~X387P— VI 




450 


M. M. Sen Gupta and S. K. Dutt 


generally and about 30 minutes in some cases. In some of the records of the 
spots, changes of deflection could be noticed in the beginning but this invari- 
ably settled down to constant values. The variations noticed were due to the 
movement of the spot while setting the loop from maximum to minimum position 
or due to fluctuation of H. F. current while adjusting to a particular value 
[Fig. 4(b) ]. The beam of light giving the spot when switched off while bringing 
the loop to minimum position or adjusting the H. F. current and switched on 
again after a minute or so, the variations disappear. The level line in each case 
was drawn along horizontal portion of the path traced by the spot. 

The frequency of the calibrating H. F. currents was set by adjusting the local 
oscillator to exact no beat condition with the help of a very slow motion vernier 
dial of ratio i : 80 operated by a long earthed handle outside the shielded cover of 
the oscillator. The strength of the H. F. current (I inA) passing through the 
inducing coil of N turns and radius r was measured by Cambridge' Vacuum Junc- 
tion of 5 rnA range which had been previously calibrated by comparison with 
MoulliiFs Multi-range Thermal Milliammeter. The voltage E induced in the loop 
at a perpendicular distance d from the coil was then calculated from the formula* 




18840^1 
(^2 + ^ 2 ) 3/2 


)U. 


The deflections due to the calibrating fields in the case of the diode detector were 
found to be linear except for very low field strengths. All our observations 
excepting a few in the beginning were, therefore, taken with the diode detector. 
This facilitated evaluation with greater accuracy of results than was possible with 
the square-law detector. 


G K O U N T> W A V H S T ' V P R p: S vS T 0 N 

For reliable results due consideration must be paid to the ground wave effect 
as well as the antenna effect. In our expcriinenls the magnitude of the ground 
wave was found to be negligible relative to that of the sky wave. This is quite 
in accordance with the experimental results given by Sominerfield and Eckersley. 
The distances of the two broadcasting stations Calcutta (A = 370. 4 in.) and Dacca 
(A = 257 .t ni.) are 480 Kni. and 610 Km. respectively. Corresponding to these 
distances and wavelengths the strength of the ground wave field intensities given 
are ^o^vjm for good ground and 1.4 fivlm for poor ground assuming power output 
in the transmitter to be 2 kilowatts for Calcutta ; for Dacca these are zero for 
distances over 500 Km. for good ground and also zero for distances over 
350 Km. for poor ground. These values are obtained from unmodified Sommer- 
field curves and if diffraction corrections are applied according to Eckersley,* 

* As cf was not very large in comparison with the dimensions of the loop, the correction 
factor h was mtVodaced in the actual calculation. 
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these become still less. The length of the horizontal slit in front of the bromide 
paper was 130 nuns, only and so the output galvanometer G had to be adjusted in 
our case for 130 mm. deflection for the maximum field intensity in any setting. 
This maximum field intensity recorded was of the order of 300 juv/m for Dacca 
and 600 txvjm for Calcutta. Thus even assuming the ground wave intensity for 
good conducting grounds, the deflection that will be recorded will not be more 
than I mm. for Calcutta, while for Dacca it ^would be still less. In Pawsey’s 
experiments the ground wave component was^as much as 20 times stronger than 
the sky wave component* and hence the grounc|wave suppression was absolutely 
necessary in his case. From the above considerations it will be seen that at the 
transmission distances with which we worked, tHe ground wave component being 
practically negligible compared to the sky wa|re component no special arrange* 
inent was necessary for its suppression. J 

, In order to minimise the antenna effect as Audi as possible, the dimensions of 
the loop were made purposely small. The looplwas nearly 86 cm. square and had 
6 to 8 turns of wire. The effective height about loo cms. The following 
procedure was adopted to test the magnitudes of both the ground wave effect and 
the antenna effect relative to the maximum sky wave component : — During day- 
time the zero iiosition of the galvanometer was noted with all the high tensions of 
the set switched on except that of the oscillator valve. The reading in the 
galvanometer ((}) gave the actual zero of the graph, t.c., the real zero signal 
strengtli level [R in Fig. The H. T. of the oscillator valve was then 
vSwitched on with the loop set both in the maximum and minimum positions. It 
was seen that there was absolutely no change recorded in the zero reading B in 
Fig. 4(a) for the whole period of observation which was not less than half an hour 
indicating that both the ground and antenna effects weie practically negligible. 
The readings for different strength levels were then taken in steps in the way ex- 
plained before (under the heading ‘Calibration of the Set'). Without disturbing the 
adjustments made during the daytime, the above procedure w'as repealed during 
the night-time reception period 6.oo to 10.30 p.m., but now with the loop in the 
minimum position only. The records showed again the absence of any appre- 
ciable change either in the zero level or in those for the different strength levels 
both in the beginning as well as at the end of the period of observation (Fig. 4). 
Thus it will be seen that in our arrangements the antenna effect was negligible 
even during the night time. 

Some typical records giving the variation of galvanometer deflection with 
time are shown in Plate XIV. 

The ordinate r representing the galvanometer deflection was divided into a 
large number of small parts each representing equal change of field intensity by 

* In Khastgir and Ray’s work the ground wave component was 3 to 4 times stronger than 
the sky wave component. 
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utilising the calibration graph plotted with field intensity against galvanometer 
deflection. The abscissa representing time was also divided into half-minute 
intervals. The number of a particular amplitude between r and r+ dr that 
occurred during the period was counted, the amplitude within the range occuriing 
for half a minute being counted as one. From this the fraction of the total time 
during which the amplitude lay between r and r + d? was determined. As men- 
tioned before, all our records were taken for periods varying from half an hour to 
two hours.*** Distribution curves were then drawn with values of fractions so ob- 
tained against average amplitudes of t and r+ dr. From these curves the value of 
the most probable amplitude was obtained ; this value of r,„ was used in draw- 
ing the tlieoretical probability curves in accordance with Rayleigh’s expression 


R2 

k2 

(where ... the sum of the squares of the components 

P'dr ... the probability of a resultant amplitude between i and i + dr) 
for the probability of occurrence of any resultant amplitude on the assumption of 
a large number of components of random phases. The maximum value of P' 
corresponds to R^ = 2nn where is the most probable value of i in the experi- 



r — > r — ^ 

for (a) Calcutta for ( 1 ?) Dacca 

2-12-37 16-1-40 


Fig. 5(a) 


Fig. 5(6) 


• The chief considerations fjeing practical convenience and sufficient number of readings, 
we made the total period of observation half an hour and more. 
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mental distribution curves. The scales in the figures have been adjusted to give 
the best fit. Figs. 5 and 6 give the typical results in which the experimental 
curves are shown as full-line curves and the theoretical ones as dotted. It will be 
seen from the experimental results that the agreement between the theoretical 
and exptrimentai curves are not as good as in cases of experiments* with smaller 
transmission distances. We have, therefore, showm the results in two broad 
representative types, viz,, those with fair agreement (Fig. 5) and those showing 
great divergence (Fig. 6). It may, therefore, b^^ concluded on the basis of our 
observations that for long transmission paths tfce intensity of the down coming 
waves is not determined only by irregular scatteii)|g at the ionosphere but also by 



7*1 2-37 12-2-40 

Fig. 6(a) Fig. 6(b) 

the existence of other factors ; the effect of the latter sometimes becomes quite 
appreciable as may be found in the 2nd type of curves (Fig. o). Observations are 
being continued to study fully the nature of these factors. 

In conclusion, the authors take this opportunity to thank Principal K. Prosad, 
I.E.S , wdio has taken much interest in our work. One of us (S. K. D.) is grate- 
ful to the Government of Bihar for the grant of a research scholarship which has 
enabled him to take part in this work. 
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* Experiments by Pawscy^ and by Khastgir and Ray.* 
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STRUCTURE OF THE ELECTRONIC BANDS OF THE 
OD MOLECULE. PART III 

By M. G. SASTitY 

{Received for l^nhUcatlon, ]ul^ tS, /(y/O 

Plate XV I 

j 

ABSTRACT. Between A3105 and ^3395 about 36o!|iues due to the (1, ij, ( 3 , 3) and (3, 3) 
bands of the OD molecule have been measured. The ^ main branches of each of the bands 
have been identified. The combination term-differences^ have enabled the calculation of the 
rotational constants, The.se agree respectively with those, previously determined by the author 
for the states v'= 1 , 3,3andii"=i, 3. The con.stants for 3/'— 3 are newly determined. 

In Paris I and II of this series of papers' the rotational structure of the bands 
(i, 0), (2, 1) and (3, 2) in the region A2Q00 and of the (3, 0) band at A2570 was 
reported. The present part gives the structure of some of the bands atA3o65, 
which form the sequence A';i = o. Of these the (0, o) band was analysed by Ishaq" 
and while the present work was in progress, Ishaq" reported also the constants of 
the (i, i) band. It was intended therefore to confine this work to the study of 
the (2, 2) and (3, 3) bands.* However, as the overlapping of thc.se bands with 
the structure of ( I, 1) is so very great that the analysis of these would not lie 
quite clear unless the structure of all of these is shown, it is considered necessary 
to include in this paper the details of the assignments relating to the (i, i) band 
as well, which has been worked out by the author independently. 

The experimental work on the OD bands forming the basis of these papers 
was described in Part I. The instrument used for photographing the bands was a 
Hilger Dittrow Quartz Spectrograph of the Pi, type giving an average dispersion 
of 5.6 A per mm. in the region under consideration. Although this dispersion is 
sniall, the use of a very narrow slit and the high resolution ensured sufficient 
accuracy in measurement. On the other hand, as the (2, 2) and (3, 3) bands lie in 
the tail end of the sequence where the structure is more widely open, an 
advantage is gained by using a comparatively smaller dispersion instrument, the 
fainter lines being thereby obtained more easily. In fact, the analysis of the 
(3, 3) band, which occurs very faintly, is made possible on this account. The 

• A letter by Dr. Narayan also has since appeared in Current Science, Feb., 1941, on the 
(2, 3) band. But no data or constants have been reported. The work, it is learnt, is aimed at 
the correlation of the OD bands with the yet nnidentified Solar Wave-lengths. 
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exposures varied from ten minutes to four hours and the measurements are 
averages of three independent sets, made on different plates. The wave-lengths 
are considered to be correct to about 0.03 A.U. 


R R S U L T S 

The Table at the end contains a complete list of all the observed lines, extend- 
ing from A.3 105 towards the long wave-length end of the band. The measure- 
ments of the other lines (towards the short wave-length end) are omitted as they 
were previously reported by Ishaq. The intensities are visual estimates. The last 
columns give the classification of the lines into the several branches of the bands. 
The six main branches only of each band have been identified ; the satellite 
branches are presumed to be mostly unrebolved. Some of the lines are very 
broad and are believed to be certainly blends of two or mere line-: . In measuring 
these, the cross-wire of the micrometer is set at the centre and the outer edges 
and an arbitrary division is made into two or three lines. vSitch lines are indi- 
cated in the Table by asterisks. This procedure has facilitated the working out 
of the analysis. The (o, o) and (i, i) bands are developed particularly well and 
the branches of the latter are identified to such high rotation quantum number as 
K = The (3, 3) band is relatively faint and poorly developed ; only about a 
do/.en members of each of its branches could be detected with certainty. 

The correctness of the identification is shown in each case by the application 
of the combination i)rinciple. 'fiables ( t ) and (2) give the values of A2Fi'fK) and 
for the upper stale in the three bands. 'I'here is close agreement 
]>el\\een these and the coi resi»oiiding values for the (1, o), (2, j) and (3, 2) bands 
respectively which aie quoted hcie from Part I. The spin doubling in the upi»er 
stale, exi)ected to be small, is ignored. 


Tari.e 1 

Ri{K)-P,(K) = A2Fi'(K) 



* 3105 

3M9 

3195 

2872 

K 

(1, 1) 

(3, 3) 

(3. 3 ' 

U, 01 

1 

53'7 

— 

— 

52.6 

2 

88.5 

85.3 

— 

87.6 

3 

12 1 *5 

119.0 

114,0 

I2I.4 

4 

156.3 

152.8 1 

144.4 

156.1 

5 

190,3 

186.1 

i 

1794. 

I9I.I 

1 



2963 

(3, 1) 

'3» 2) 

5I-I 

47.9 

83.5 

81.4 

117 I 

114.2 

150.8 

144-5 

184.4 

177.4 
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Table 1 (conid.) 



A 3105 

3149 

3195 

2872 

2916 

2963 

K 

(I, I' 

(2 2^ 

(3. 3 ) 

(j, o» 

h , I > 

(3. 2) 

6 

225-3 

215-1 

208.6 

225,7 

215.9 

208 8 

7 

00 

247 ‘1 

240.5 

259.8 

219 I 

240 1 

s 

203.6 

283.1 

273-5 

.; 293 -I 

1 

272 2 





k 



g 

327 2 

314.9 

302.5 

.; 327.4 

315 2 

3' ' i 8 








lo 

360.0 

3-17 8 

333.1 

5360.8 

3-17 5 

333.6 

11 

392.0 

380.8 

364 2 

k 394 .i» 

379 3 

36.1.9 

12 

-127.7 

412.7 

- 

I427.2 

4110 

394.1 

1;^ 

.160.2 

4 - 11-5 

- 

' 459-8 

f 

' 142. 5 

-12-1 0 


492,5 

4748 

— 

492.4 

474.1 


15 

524-6 

503.2 

““ 

523.7 

504.2 

— 

16 

55 1 -1 

531 9 

— 

556 0 

534.3 

— 

17 

586 9 

562 0 


586.S 

563.9 


iS 

615-5 

^02.1 


616.6 

591 - 1 

... 

i<; 

6 - 1 8 5 

OK) ') 


6.1 7., ^ 



.!<> 

676.2 

648.3 


670 0 



21 

704.6 

676 6 


706. 1 



22 

733 1 

704.'} 

- 

734-0 


— 

23 

762.8 

730.2 

— 

762.5 

- 

— 

24 

1 792.4 

762.1 

— 

790.1 

— 


25 

817.5 

— 

-- 

816.4 

- 

— 

26 

841.3 

— 

; ■“* 

841.8 

— 

-- 

27 

864.4 

— 

1 

— 

-- 


28 

890.4 

— 

— 

— 


— 

29 

916.6 

— 

! 

1 — 

— 

— 

3 f> 

912.6 

— 

' — 

— 



31 

965 6 

— 

— 

— 

— 

— 

32 

989.5 

— 

- 

— - 

— 

— 

33 

1014. I 

— 

— 

— 



34 

1043.2 

- 

i 

— 

— 



8— 1387P— VT 
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Table II 

R2(K)-P2(K)=A2F2'(K) 


K 

\ 310S 

3149 

3195 

2S72 

2916 

2963 


(I, i) 

(2, 2) 

(3. 3) 

(i, 0) 

(2, 1) 

( 3 i 2) 

I 

54.1 



52.3 


52 6 

2 

88.4 

— 

— 

85.8 

83.3 

81.9 

3 

122.7 

115-5 

116.9 

121 4 

J19.4 

114.7 

4 

156-5 

; 152.3 

M 5-5 

156.8 

150.3 1 

144-5 

5 

189.5 

1 182.0 

177-5 

190.7 

183.1 

176.4 

6 

224.4 

i 216.1 

208.9 

224.9 

216.7 j 

208.1 

7 

259.2 

1 248 3 

238.3 

259.2 

249.2 ! 

239-2 

s 

294.0 

I 280.9 

26S.0 

293.2 

282 0 

271 3 

9 

328.1 

1 313-1 

300.4 

327.1 

315.J 

302.6 

10 

359.9 

346.7 

329.4 

360.0 

346.4 

333.4 

II 


1 379-3 

359 9 

393.8 

378 2 

363 I 

12 

427.8 

! 411 '1 

- 

126.8 

~ 


13 

459.6 

1 438-3 

— 

459 9 

~ 


14 

495 5 

: 473.4 

... 

491.9 

— 


15 

523.4 

503-6 

- 

... 

— 


16 

556.5 

1 534-8 

— 

— 


— 

17 

586.2 

1 565 9 

— 


— 

— 

18 

616.2 

592.7 

— 

— 



19 

648.7 

! 623.6 

- 


- 

- 

20 

677 2 j 

i 649.1 

— 

-- 



21 

705.9 

! 680.4 


— 



22 

734.3 i 

i 

— 




23 

761.2 

' 

— 




2.J 

789-2 i 

! — 





23 

814.2 



-- 


-- 


S40.7 

1 

— 




/ 

866.0 






28 

892.5 

i 



— 


2 i) 

916.5 

— 

! — 

— 

-- 


30 

940.3 


— 



— 

31 

963.8 

— 

— 


— 

— 

32 

987.8 








In Tables III, IV and V the values of the rotational term differences for the 
lower state are shown. The combination defect is a measure of the 
A -doubling. The progressive variation of this doubling with increasing rotation 
quantum number is evident both in and ^11^ states. This variation is 

found to be in keeping with the theoretical prediction due to Van Vleck^ for a 
band system representing an intermediate stage of coupling between Hund's Case 
(a) and Case (6). 

Plate A is an enlargement of the OD bands in the region between A3000 and 
A3290 in which the positions of the band heads and of the branches are indicated. 
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Table III 

Combination Differences for A3105 


K 

R (Ki~ 

Qjf K -}- 1 1 

Ql (Kt- 

IV’K+ii 

R2 (K)- 

Qj (K -f 1 i 

Qi (K)- 

PjfK+i) 

. 

K >.5 

\\ * 

37.2 



63.1 

62.3 

. 51 3 

50.1 

.1 

«.,S 


7 i*l 

71.9 



99 \ 

8 q .3 

90.9 

5 

117 7 

118.5 

V log. 5 

112.3 

6 

136 6 

136 3 

] 129 2 

130.0 

7 

'54 

I.S 4 

149.5 

149.5 

.S 

^ 73’7 

172.4 

169.3 

170.4 


KM 

I go 7 

1 8(),y 

186 7 

10 

210.7 

207 2 

206.0 

204.6 

II 

230.1 

225.6 

226.5 

225.7 

12 

:: lO.'i 

2 11.1 

244 .‘’ 

242 8 

^3 

268/) 

.>62.6 

263.2 

260.6 

M 

4 

279.1 

2.S4.9 

280.8 


303,4 

295 4 

296.6 

297.2 

i() 

5 m-(i i 

313-6 

3 » 7‘2 

313-6 

17 ; 

539 2 

3.50 4 

333 9 

330 8 

18 

354 -I 1 

346.S 

35 *-^ 

347-8 

J 9 ; 

373.9 j 

364 •2- 

37 i-<"» 

364 (' 

20 

3 S 9,2 

379-7 

388.0 

581.0 

21 i 

406.8 

395-2 

4 •■•3.8 

397.' 

22 

422.9 

i .11o.(, 

i 419.9 

412.7 

23 1 

14-1 1 

451.S 

138.7 

429. u 

2^ ! 

453-'’ 

• 14' -3 

451.8 

441.2 

25 

473.4 

t.56.2 

465.7 

-159-0 

26 

4S5.S 

4fx, h 

182 4 1 

472-5 

27 

499-5 

IS5 0 

198.4 

487.2 

28 

516.1 

4y.S.f; 

513.8 

501.6 

29 

333-1 

5'.3.' 

528.8 

! 516.2 

30 

550 -^> 

526.3 

543-4 

■ 528 9 

31 

562.9 

537 -^! 

557.9 

541-1 

32 

576.0 

553.6 

573.7 

555-3 

33 

586.0? 

568.7 

— 

568 0 

34 

604.0? 

585.3 


580.5 

i . 
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Table IV 


Combinution Differences for A 3149 



Ri (K) - 

Qi (Kl- 

Rj (KJ- 

Q2 

K 





Qi(K+i) 

Pj'K+J> 

1 

Q2^K + 1) 

1 

v^iK f r 

i 

— * 

46.6 



29-3 

2 

62 s 

61 1 

- 

49.0 

3 

82.0 

81 .J 

66 5 

72.3 

4 

97.2 

96.5 

8 . 1-5 

90.0 

5 

116.7 

1138 

106.6 

108.3 

6 

13I.S 

i i 3'‘-7 

135.3 

124 9 

7 

15^ 7 

1 1.S1.3 

142.6 

145-8 

,s 

l6(;.8 

' 168 6 

16.2. I 

163.2 

9 

1893 

185.6 

181 .g 

1S1.6 

10 

207 s 

' 200.4 

203 . 2 

200.4 

1 1 

2 2.^,2 

219 1 

220.7 

215-5 

12 

244 3 

236 7 

239 8 

233 9 

13 

25«.3 

353.4 

251 .2 

254 6 

M 

J76 

271 4 

269 7 

275.6 

J.s 

.*96 2 

289 9 

286 7 

288.0 

16 

309-8 

.^f^i-3 

367-7 

303 6 

^7 

3 28 2 

321 3 

327 5 

322.4 

iS 

344 2 

337-2 

341. 8 

337*4 

19 

t 360.4 

353 3 

360.0 

353.6 

20 

377-2 

.366.5 

376 5 

3700 

21 

394-7 i 

383 I 

” 

389 5 

22 

4J3.5 

399 3 

— 

- 

^3 

438.0 1 

411*5 

— 

! 

24 

446.5 

— 

i 

i 




Table V 



Combination Differences for A 31 05 



Ri (K)- 

Qi (Kl~ 

R.2 iK)- 

Qa (K)- 


Oi K+ij 

Pi‘K + i) 

Ojj'K + 11 

r.^(K + r 

I 

, 

. 13-6 

1 

_ 

2 

— 

59.5 

1 

45-6 

3 

79-1 - 

78.5 

71*3 

69.3 

4 

95-6 

95-3 

86.5 

85.3 

5 

112.9 

110.7 1 

104 8 

103.3 

6 

130.5 

‘ 130-5 

123.6 

123.2 

7 

144 4 

148.0 

139.6 

140.0 

8 

164.9 

164.6 

*56 1 

158.3 

9 

182.6 

179.9 

•78.5 i 

177-7 

10 j 

199.8 

197.9 

190 

189.9 

I r 1 

317.7 

215 3 

209 6 

2 H .3 

12 * 

— 

- 

— 

228.8 

13 ! 


— 

— 

2469 

14 



" 

268.1 
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Table VI 

Catalogue and Classification of Observed Lines 


3105 


Vac. 

j lilt. 

Kl 

! Qi 

■ 

K2 

: Q. 

1 

t '2 

* 3 Ji 9 '-.S 1 


S 

_ 

1 T 






1 








190.4 1 

6 

7 , 9 

— 

1 ^ 


— 

— 

ifig-.i ) 


() 

1 



! 

- 

• 187.1 ) 

10 

10 


! ^ 

1 

— 

- 

- 

iS6,o ) 


5 

— 

■ 4 - 

- 


— 

183.1 

4 f< 

II 

— 

-- 

— 

— 


181. } 


1 


i 

— 


- 


[0 

I J 

— 

j 

-- 


— 

176.7 

10 

3 

— 

j 

— 

- 

— 

171.0 

5 

.2 

- 


- 

— 

- 

169.1 

3 

13 

- 

— 

— 

! “* 


166.8 

8 


- 


— 

1 - 


164.0 

2 

1 I 

— 

— 

— 1 

1 

^ 

• ) 

4 bii 

14 



i 

1 

1 


157-4 ) 








155-4 

2 

— 


— 

— 

- 

! 

153-2 

8 

- 

— 

— 

— 


*— 

146.6 

J 

15 

— 

— 


- 


* 144..; ') 

10 6t/ 







143.4 ) 








140.6 

3 

— 

— 


— 


--- 

* 132.1 1 


16 

— 

— 

— 

1 

— 

1 

130.5 1 

lo Ihf 


— 

— 

10, 11 


- 

129.0 J 





9 

— 


126.6 

8 

- 

1 

— 

8, 12 

— 


123.5 

i 


I 

— 

- 

— 


, 



1 
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Tablb VI (contd.) 



3^05 


Vac. 

Tnt. 

^1 

Qi 

j’l 

R^- 

1 Q% 

P 2 

120.8 ) 


*1 




_ 



5 

— 

— 

— 

7 i 13 



iiy.i ) 






' - — 

— 

117-5 

8 

17 

- 


M 


— 

I 1 I .3 

3 

- 

— 


h " - 


— 

lotj.g 

6 

- 

— 



— 


““ 

107.6 

4 

— 

3 

. — 

— 

— 

— 

105.7 

8 

— 

— 


— 


- 

103.1 

2 

— 

— 

— 

■— 



lOI.I 

2 

— 

— 

- 

5 , 15 

— 

— 

097.6 

3 

18 

— 



- 

— 

095 2 

7 


4 

— 



— 

091.9 



~ 

— 

16 



088 5 


-- 

— 


4 

— 

— 

085.1 

! 


— 



^ — 

— 

082:5 

7 bd 

j . 

5 

2 ' 

1 

1 


— 

1 

080.0 1 

j 

6 

19 

— 


j 

“ 

' -- 

077.1 

5 

— 

— 

— 

17 

— 

— 

073 9 

10 

- 

6 

— 

3 


— 

068.3 

4 


— 

— 


— 

— 

066.3 

8 

1 

— 

-* 



-- 

— 

060,1 

! 2 

— 


— 

x 8 

— 

— 

05 S ‘2 

5 

20 

— 

3 

2 

— 

— 

052,7 

6 

— 

^7 

— 

— 

— 

— 

044.1 

1 1 

j 

- 

— 

i 


— 

— 

042.0 ) 


j 







to 

J 


— 

— i 

..N« 

— 

041.1 j 


1 






038.5 

I 

— 

— 

— 

X 

— 


035.6 

10 

— 

8 

— 


— 

— 
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3105 


Vac. 

1 Tnt. 

1 

Qi 

: 

' - A^. . 

1 R2 








r 




031.0 

1 

21 

— 

i 

1 

j- 

— 

— 

— 

027.3 

1 

- 

- 

i 

1 

t 

r 

— 

- 


025.1 

10 


- 

1 

1 

r 


- 

~ 

022.1 

I 

- 

- 


1- 

20 

- 


019.3 

1 

- 

— 

1 

1 

- 

- 

- 

017.8 

5 

-- 

9 

1 

\ 

b 

- 

- 

- 

014.7 

5 

- 

- ‘ 

f- 

- 

- 

- 

*3’2 oo 3.9 ’ 



22 

- 

j 

i 

1 

- 

3 

- 

ooj.s 


10 hd 

- 

“ 

- 

- 

4 

- 

00 1. 0 j 

1 



~ 



— 

2 

- 

*31999.2 j 


\ I 

- 





5 

- 

00-.4 j 


lo fu{ , 


10 

i 

- 

21 

- 

- 

995.8 1 

1 


- 

— 


5 

- 

1 I 

— 


t 


— 



- 


- 

q8 S.6 I 

5 


- 


- 

! 

- 

- 

0K4.4 

2 

i 

- 



- 


- 

I 

982. T 

10 



' 

- 


7 

- 

979.1 

j 

- 

— 


- 

- 

— 

- 

976.4 

6 ' 

1 

23 

IT 


- 

- 

— 

- 

971.3 

5 

- 

- 


- 

2 Z 

8 

- 

969.8 

3 

- 

- 

- 

- 

— 

- 

— 

966.8 

3 

^ - 

- 



— 

- 

2 

964,0 

4 

- 

- - 


6 

- 

- 

- 

960,6 

3 1 

1 

i 

- 




- 

- 

957.3 

7 1 

- 

- 



- 

9 

- 

953.0 

8 

— 

12 


- 

- 

- 

- 

9 S 1.2 

8 

- 

— 



- 

- 

3 

94».i 

8 


- 


- 

23 

10 

- 
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Tablk VI (conid.) 


3105 


Vac. 


lilt. 


Qi 

1 ’■> 

R2 

Qa 

j 

939.3 

1 

— 

— 

1 

- 

- 

— 

937.1 

If) 

— 

- 

— 

— 

— 

— 

934.1 

I 

— 

— 

— 

- 

- 

— 

932.0 

1 

10 


— 

7 


— 

4 

g28!6 

7 

— 

13 

— 

- 

— 

— 

924.5 

5 

— ! 

— 

— 

— 

11 

— 

911.6 

8 

25 

— 


24 

— 

5 

Q08.8 

8 


— 

1 

— 


— 

*905.4 : 

1 

1 



— 


- 

— 


904.0 I 

1 

7 1 

— 


— 

— 

12 

— 

902.3 ] 



- 

— 

— 

— 


' — 

901.1 

5 

— 

14 

— 


— 


« 97.9 

i 

— 

- 

H 

— 

- 

: ' ' 

892.3 

1 1 

1 


- 

1 

i 

— 

' — 

- 

890.0 

10 


- 

: 


— 

- 

886.9 

5 


— 



-- 

6 

882.6 

5 

— 

— 



13 

— 

876.4 

1 

- 

— 

-- 

25 


-- ■ 

. S73.I 

5 

26 

15 

— 


- 

— 

868.7 

I 

— 


1 

— 

~ 

— 

866,0 

6 

— 



— 


— 

863.2 

8 

— 

- 

9 


- 

— 

861.6 

2 


— 




7 

858,5 

3 

, — 

— 

— 

— 

14 

• — 

855.0 

10 

— 

— 

— 

- 

— 

— 

852.3 

I 

— 


• i 

— 

— 


846.8 

3 

, — 

. 

- 


— 


844.* 

5 


j6 

— 

— 



841 's 

4 " . * 

JO 


— 

— • 

26 


— , ' 
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Tablb VI icon Id.) , 


3105 


(vac.) 

Tnt. 


Qi 

i 

Pi 

R, 

Qa 

I'* 

832,6 

6 

27 


t 

- 

15 

s 

8*9.5 

I 

- 

— 

1 

r 

- 

- 

— 

827.1 

5 

- 

- 




— 

- 

820.9 

I 

- 

- 

1 

(- 

- 

— 

- 

818.1 

7 


- 

1 

1 



— 

— 

814.8 

7 


- 

1 

h 

- 

- 

— 

, 8ia.5 


- 

17 


r 

- 

— 

— 

806.6 

I 

— 

— 


i- 

- 


— 

804.5 

10 


— 

1 

.’s 

L 

27 

16 


802.9 1 

3 

- 

— 

[ ^ 

— 


— 

1 

800 9 j 


- 

— 

— 

— 


9 

793.7 

I 

aS 

— 

- 


, 

... 

i — 

790.2 

in 

- 

-- 

- 


- 

- 


785 4 i 

I i 

- 

- 

11 


- 


7807 

I 1 

- 

- 

- 

- 

- 


- 

778.3 

" i 

— 

iS 

- 


“ 1 

i 

- 






3105 





3149 



Vac. 

Int 

Ri 

Qi 

Pj 

Rj 

Qa 

I'a 


Ui 

P] 

: 

1 

Qa 

Pa 

31774.7 

5 

— 

— 


' 

1 

i7 

1 

i __ 

- 


1 

1 

- 

- 

— 

770 6 

3 


- 

- 



10 

- 

- 





- 

769.3 

5 



— 


— 

1 

- 


- 

— 

— 

-- 

766s 

1 


— 

— 

— 

- 

— 

- 

- 

- 

— 


— 

j 7644 

6 


1 

^ *- ’ 

28 

— 

— 

— 

— 

- 

-* 

— 

... 

■7S|4 

I 

* ! 


- 

— 

— ' 

- 

— 

— 

— 

- 

- 

' — 

— 

754 » 

-1 1 

1 

-- 


- 

- 

— 

— 


— 

— 

i — 

*7“ 

_ 

• 750.8 


29 

— 

12 

**** 

— 


5i6. 7»' 









'9— 1387?— VI 


1 
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ROTATIONAL CONSTANTS 

The combination diiTerences set forth in the above tables have led to the 
following rotational constants. As D, is of the order of lo”^ cnis'^, the cal- 
culated values of these have been assumed in deterinining B„. All the values in 
the table are expressed in cms“ ' . 


(l. l) 

I 

( 2 , 2 ) 

(3, 3) 

B' 

8.73 

8.42 

7.96 


958 


9.08 

A 

1.389 

m I 

— 140.0 

Null Line (*«,1 
■5 

32124.6 

31692.7 

31244 s 
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